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Regulation  of  the  Response  to  Radiotherapy  and  Hyperthermia 
in  Prostate  Cancer  by  the  26s  Proteasome 

Second  Annual  Report 

Research  Accomplishments  to  Date: 

Attached  are  10  papers  that  have  been  published,  are  in  press,  or  submitted  manuscripts  and  that 
deal  with  the  topic  of  the  grant.  This  report  summarizes  these  findings. 

Introduction: 

The  goal  of  the  proposal  was  to  investigate  the  novel  hypothesis  that  the  proteasome  functions  as  a 
sensor  for  hyperthermia  and/or  irradiation  and  its  response  is  important  in  determining  the  outcome 
of  prostate  cancer  treatment.  In  an  attached  review  ((1);  Appendix),  we  discuss  the  recent  evidence 
indicating  critical  roles  for  the  26s  proteasome  in  selectively  regulating  many  vital  cell  processes, 
including  cell  cycle  progression,  oxidative  stress,  DNA  repair,  and  cell  death.  We  also  show  that 
this  system  is  frequently  dysregulated  in  cancer,  including  prostate  cancer. 

This  proposal  is  novel  in  that  the  roles  of  the  proteasome  in  the  biology  and  therapy  of  cancer  have 
been  the  subject  of  very  few  investigations  and  there  are  almost  no  reports  on  how  their  activities 
might  influence  the  response  of  prostate  cancer  to  therapeutic  intervention.  We  postulated  that 
proteasome  activity  would  vary  between  prostate  cancer  cell  lines,  that  hyperthermia  and/or  radiation 
would  influence  proteasome  activity,  and  that  this  would  influence  the  expression  of  cell 
death/survival  molecules  following  treatment  in  a  manner  that  could  determine  therapeutic  outcome. 
We  further  suggested  that  the  26s  proteasome  might  represent  a  novel  potential  target  for  prostate 
cancer  therapy;  one  that  is,  as  yet,  unexplored. 

Progress  will  be  considered  under  the  headings  of  the  original  stated  tasks. 

Body  of  the  Report: 

Task  1.  To  quantify  proteasome  activity  in  human  prostate  cancer  cells  and  its  modification  by 
hyperthermia  and/or  radiotherapy. 

We  have  examined  the  proteasome-associated  chymotrypsin-like,  trypsin-like,  and 
peptidylglutamyl-peptide  hydrolyzing  activity  in  human  PC3,  LnCaP,  DU-145,  and  a  newly  isolated 
human  prostate  line  LAPC4,  as  well  as  the  murine  prostate  cancer  model  TRAMP  cell  lines  Cl  and 
C2.  We  have  compared  this  with  activity  in  over  12  other  types  of  human  tumors.  The  clear  picture 
that  has  emerged  is  one  of  considerable  variation  in  constitutive  steady  state  proteasome  activity 
between  cancer  cell  lines,  which  is  what  we  predicted.  We  believe  that  this  variation  is  a  reflection  of 
the  molecular  phenotype  of  the  cell,  and  as  a  result,  determines  tumor  behavior  and  the  response  to 
therapy.  For  example,  we  have  shown  that  interleukin  (IL)-6  and  IL-3,  both  of  which  can  be 
constitutively  produced  by  prostate  cancer  cells,  can  enhance  proteasome  activity  and  autocrine 
pathways  could  be  responsible  for  some  of  the  variation  between  cancer  cell  lines.  We  have  begun 
to  characterize  the  composition  of  the  proteasome  subunits  in  cells  to  determine  if  some  of  these  are 
cytokine-induced.  There  is  a  subset  of  proteasomes  that  fall  into  this  category.  The  importance  of 
this  subset  is  that  it  presents  peptide  antigens  to  the  immune  system  that  are  different  from  those 
normally  produced.  In  other  words  the  nature  of  the  proteasome  determines,  not  only  the  level  of 
activity,  but  also  the  cleavage  sites  and  recognition  of  the  tumor  by  the  immune  system.  While  this 
will  be  the  subject  of  a  future  grant  application,  in  this  period  these  techniques  will  be  used  to 
determine  if  all  proteasomes  respond  to  beta  and/or  irradiation  in  the  same  way. 
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The  response  of  PC-3,  LnCaP,  and  DU- 145  to  heat  has  been  examined  and  this  work  has  been 
submitted  for  publication  (Appendix).  Hyperthermia  at  42  or  44  degrees  for  30  minutes  decreased 
26s  proteasome  activity  to  about  40%  of  untreated  control  cells,  as  assessed  by  proteolysis  of 
specific  fluorogenic  substrates  (chymotrypsin-like  activity  was  decreased  to  36.2  ±  3%  (PC-3), 
33.4  ±  8.4%  (DU-145)  and  45  ±  3.4%  (LnCaP)).  The  response  was  veiy  rapid,  if  not  immediate 
and  is  clearly  an  important  part  of  the  stress  response  of  cells  to  hyperthermia.  We  have  shown  that 
this  response  leads  to  stabilization  of  iKBa,  which  is  known  to  be  degraded  through  the 
proteasome,  with  a  resultant  decrease  in  constitutive  and  heat-induced  NF-kB.  Since  NF-kB  is  a 
survival  factor  for  many  cell  types,  the  consequence  was  apoptosis  and  radiosensitization  of  the  cell 
lines.  In  fact,  we  believe  that  this  provides  and  explanation  for  the  long-observed  phenomenon  of 
heat-induced  radiosensitization. 

Inhibitor  studies  showed  that  26s  proteasome  activity  was  independent  of  transcriptional  activity. 
Interestingly,  20s  proteasome  activity  was  unaffected.  This  suggests  a)  that  blocking  of  the 
proteasome  by  oxidised  proteins  is  unlikely  to  be  the  mechanism  of  inhibition  b)  that  19s 
regulatory  subunits  that  feed  proteins  into  the  catalytic  core  are  the  target  c)  that  mechanisms  exist 
that  allow  regulatory  control  through  proteasome  inhibition  and,  simultaneously,  allow  oxidized  and 
damaged  proteines  to  be  removed.  The  20s  proteasome  is  able  to  fulfil  this  function  without 
assistance  from  the  26s  proteasome. 

Furthermore,  and  importantly,  we  have  shown  that  heat  downregulates  expression  of  the  androgen 
receptor  (AR)  on  LNCaP  cells.  We  hypothesize  that  this  is  brought  about  by  dissolution  of  the  AR- 
HSP90  complex.  We  have  shown  that  the  response  to  heat  correlated  with  HSP90  induction,  as 
assessed  by  PCR,  in  a  temporal  and  temperature-related  manner,  but  not  with  HSP70  or  HSP27 
expression.  However,  we  have  also  shown  that  recombinant  HSP90  blocks  the  activity  of  purified 
proteasomes,  suggesting  that  this  might  be  the  physiololgical  mechanism  leading  to  proteasome 
blockade.  The  consequences  of  heat-induced  AR  downregulation  have  yet  to  be  defined,  but  clearly 
this  could  have  enormous  importance  as  a  mechanism  for  developing  androgen  independence  in 
prostate  cancer. 

The  effect  of  irradiation  on  proteasome  activity  has  been  assessed  using  the  same  prostate  cancer 
cell  lines.  These  studies  have  now  been  published  (2, 3).  We  have  confirmed  that  the  proteasome  is 
inordinately  sensitive  to  very  low  doses  of  irradiation  and  that  inhibition  is  almost  immediate.  The 
consequences  of  this  finding  for  radiation-induced  gene  expression  is  profound.  P53,  mdm2,  p21, 
iKBa,  and  numerous  other  immediate  radiation-induced  responses  may  be  mediated,  or  at  the  very 
least  influenced  by,  proteasome  inhibition.  This  indeed  may  be  the  prime  mechanism  by  which 
radiation  and  heat  rapidly  up-regulate  protein  expression  in  cells,  leading  to  an  adaptive  response 
with  transcriptional  activation  of  new  genetic  programs. 

In  the  published  papers,  we  address  an  apparent  paradox,  which  is  that  several  groups  of 
investigators,  including  ourselves,  have  shown  that  radiation  induces  NF-kB  expression.  Our 
hypothesis  would  anticipate  that  radiation-induced  inhibition  of  proteasome  activity  would  decrease 
expression.  We  have  shown  that  at  low  doses  inhibition  is  paramount  and  that  only  at  high  doses 
is  inhibition  overriden  and  NF-kB  is  induced,  in  part  by  pathways  that  are  alternate  pathways  that 
involve  tyrosine  phosphorylation  of  IkBw.  These  finding  provide  a  mechanism  for  the  anti¬ 
inflammatory  effects  of  low  dose  radiation  that  have  been  reported  on  numerous  occasions  and 
explain  why  radiation  has  long  been  used,  especially  in  Europe,  to  treat  inflammatory  diseases. 

Task  2.  To  identify  pathways  by  which  proteasome  activity  is  altered  in  prostate  cancer  cells  after 
hyperthermia  and/or  radiotherapy. 

Because  both  radiation  and  heat  alter  the  redox  status  of  cells,  we  have  investigated  whether  or  not 
the  proteasome  is  redox-sensitive.  In  fact,  the  26s  proteasome  appears  to  be  very  sensitive  to  N- 
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acetyl  cytseine,  tempol,  and  glutathione  treatment.  Furthermore,  at  least  the  latter  two  free  radical 
scavengers  counteract  radiation-induced  proteasome  inhibition.  These  studies  have  yet  to  be 
confirmed,  but  clearly  indicate  that  the  proteasome  is  a  very  sensitive  redox  sensor. 

We  have  shown  that  irradiation  of  purified  isolated  proteasomes  has  the  same  level  of  effect  on 
their  function  as  does  irradiation  of  cells  followed  by  proteasome  isolation.  This  suggests  that  the 
effects  of  irradiation  are  direct  and  not  mediated  by  some  soluble  factor  in  the  cell. 

Furthermore  we  have  shown  that  cytosolic  and  non-cytosolic  (nuclear)  extreats  are  both  affected  in 
a  cell.  This  is  important  because  the  spatial  location  of  the  proteasomes  is  being  increasingly  shown 
to  dictate  their  substrates  and  functions. 

As  discussed  above,  we  have  identified  NF-kB  as  a  pathway  that  is  clearly  affected  by  heat-  or 
radiation-induced  proteasome  inhibtion.  Other  targets  are  however  likely  and  we  have  explored 
some  of  these.  One  possibility  is  that  caspases  are  activated  through  inhibition  of  lAP  degradation. 
Since  the  DNA  repair  enzyme  DNA-PK  is  a  substrate  for  caspase  3  we  have  investigated  this  as  a 
possible  pathway  for  heat-induced  radiosensitization.  Our  data  indicate  that  caspase  3  activation  is 
not  required  for  proteasome-dependent  apoptosis  and  we  are  currently  investigating  non-caspase 
dependent  pathways  to  apoptosis. 

One  of  our  hypotheses  is  that  heat,  but  not  radiation,  caused  inhibition  of  proteasome  activity 
through  activation  of  HSP90.  In  experiments  designed  to  test  this  concept,  we  have  prepared  the 
vectors  encoding  anti-sense  HSP90,  sense  HSP90,  and  HSP70.  We  have  also  prepared  primers  to 
examine  the  components  of  the  proteasome  produced  by  different  prostate  cancer  cell  lines  and 
have  developed  assays  for  examination  of  20s  and  26s  activity  following  gel  electrophoresis.  We 
have  done  this  in  conjunction  with  the  development  of  glycerol  gradient  purification  of  20s  and  26s 
proteasomes. 

We  have  also  developed  an  in  vivo  assay  with  PC3  cells  transfected  to  express  Ub-GFP.  Using  this 
assay,  we  have  shown  that  heat  causes  accumulation  of  GFP  in  individual  cells,  in  keeping  with  its 
effects  on  proteasome  function.  Surprisingly,  radiation  does  not  have  the  same  effect.  We  are  not 
sure  whether  this  is  because  different  molecular  targets  are  involved,  or  whether  the  assay  is  too 
insensitive  to  detect  the  radiation  effects. 

In  the  next  year  we  will  exploit  these  assays,  which  have  taken  a  long  time  to  develop.  Dealing  with 
macromolecular  structures  as  large  as  2  million  daltons  poses  challenges  that  are  not  usually 
encountered  with  smaller  proteins.  A  particular  focus  of  the  study  will  be  on  the  cytokine-inducible 
proteasome  subunits  lmp7,  lmp2,  and  Mecl.  We  have  preliminary  evidence  that  these  are  the  major 
targets  for  radiation.  If  this  is  the  case,  it  might  explain  the  finding  that  we  never  reach  100% 
inhibition  of  proteasome  function.  It  also  would  be  veiy  important  from  the  perspective  of  the 
development  of  ant-tumor  immunity.  We  have  obtained  mice  that  have  these  genes  knocked  out  and 
intend  to  use  these  to  examine  the  roles  of  these  genes  in  presenting  antigen  in  a  TRAMP  prostate 
tumor  model.  Again  these  studies  will  extend  beyond  this  proposal,  but  serve  to  indicate  the 
function  the  grant  has  served  us  in  indicating  new  areas  of  research  in  prostate  cancer. 


Task  3.  To  determine  the  extent  to  which  26s  proteasome  activity  determines  the  effectiveness  of 
prostate  cancer  treatment  by  hyperthermia  and/or  radiotherapy. 

We  have  now  shown  that  hyperthermia  inhibits  proteasome  degradation  by  prostate  cancer  cells 
and  prevents  radiation-induced  NF-kB  activation  resulting  in  cell  death  by  apoptosis.  This 
mechanism  could  explain  the  radiosensitizing  effect  of  heat  given  shortly  prior  to  radiation 
treatment.  Recently,  we  have  shown  that  PS-341,  a  proteasome  inhibitor,  can  radiosensitize  prostate 
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tumors  in  vitro  and  in  vivo  (4,  5).  This  agent  is  in  clinical  trials  alone  in  multiple  myeloma  and,  in 
large  part  because  of  our  findings,  is  being  explored  in  combination  with  radiotherapy  for  treatment 
of  prostate  cancer. 

We  have  also  explored  other  agents  that  inhibit  proteasome  activity  with  a  view  to  their  clinical  use 
as  radiosensitizers.  We  have  shown  that  sequinavir,  which  is  used  clinically  in  HIV  treatment  is  a 
direct  proteasome  inhibitor  that  can  cause  radiosensitization  and  may  be  a  useful  agent  for  the 
treatment  of  cancer  in  combination  therapy.  The  reason  is  that  the  HIV  protease  has  evolved  a 
similarity  with  the  mammalian  proteasome,  which  is  presumably  one  of  its  mechanisms  of 
pathogenicity. 

We  have  also  shown  that  there  is  similarity  between  multiple  drug  resistence  gene  product  mdrl 
has  cross  specificty  with  the  26s  proteasome  and  that  proteasome  inhibtors  may  haelp  in 
overcoming  mdr  resistance  to  therapy.  This  indicates  the  utility  of  using  proteasome  inhibitors  in 
combination  with  chemotherapy. 

Key  Accomplishments: 

■  Further  quantified  proteasome  function  in  prostate  cancer  cell  lines 

■  Demonstrated  inhibition  of  proteasome  function  in  prostate  cancer  cells  in  response  to 
hyperthermia 

■  Shown  dependency  of  heat-induced  proteasome  inhibition  on  the  26S,  but  not  20S,  subunit. 

■  Shown  that  heat-induced  proteasome  inhibition  is  very  rapid  and  does  not  require  protein 
synthesis. 

■  Shown  temporal  and  temperature-dependent  relationship  between  heating  and  HSP90 
expression. 

■  Shown  that  HSP90  directly  inhibits  proteasome  function. 

■  Shown  heat  stabilizes  IkBoc  expression  and  decreases  NF-kB  expression. 

■  Shown  that  heat  induces  apoptosis  and  radiosensitization  of  prostate  cancer  cells  and  that  this 
correlates  with  proteasome  inhibition  and  loss  of  ability  of  radiation  to  activate  NF-kB. 

■  Shown  that  radiation  result  in  a  very  rapid  loss  of  proteasome  activty  down  to  50%  of  control 
values  and  that  the  proteasome  is  extremely  sensitive  to  even  very  low  doses  of  irradiation. 

■  Shown  that  radiation-induced  proteasome  inhibition  results  in  increased  iKBa  expression  and 
decreased  NF-kB  expression  at  low  doses,  but  that  this  is  circumvented  at  high  doses,  providing 
an  explanation  for  the  dual  anti-  and  pro-inflammatory  responses  seen  after  irradiation. 

■  Shown  that  irradiation  of  cells  and  purified  proteasomes  result  in  the  same  level  of  proteasome 
inhibition,  suggesting  that  the  effects  of  irradiation  are  direct. 

■  Shown  that  radiation-induced  proteasome  inhibition  appears  to  depend  upon  the  type  of 
proteasome  in  a  cell  and  that  not  all  proteasomes  are  inhibited. 

■  Shown  that  nuclear  and  cytoplasmic  proteasomes  are  both  inhibited  by  radiation. 

■  Established  vectors  for  sense  and  anti-sense  HSP  90  and  HSP  70. 

■  Developed  methodology  for  independently  measuring  20S  and  26S  functional  proteasome 
activity  in  gels. 

■  Developed  methods  for  further  purifying  proteasomes  on  glycerol  density  gradients. 

■  Developed  Ub-GFP  stable  transfectants  that  respond  to  proteasome  inhibition  by  heat  and  other 
proteasome  inhibitors,  but  not  radiation. 

■  Demonstrated  that  the  proteasome  is  redox  sensitive  and  that  free  radical  scavengers  can  prevent 
radiation-induced  proteasome  inhibition 
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■  Ruled  out  our  hypothesis  that  heat-induced  inhibition  of  proteasome  activity  leads  to  caspase  3 
activation,  degradation  of  DNA-PKcs,  and  decreased  DNA  repair  in  response  to  ionizing 
radiation. 

■  Shown  that  caspase  independent  mechanisms  are  involved  in  apoptosis  following  proteasome 
inhibition 

■  Shown  that  the  proteasome  inhibitor  PS341  causes  radiosensitization  of  prostate  cancer  cells  in 
vitro  and  in  vivo. 

■  Shown  that  HIV  protease  inhibitors  cause  proteasome  inhibition  and  may  be  of  value  as 
radiosensitizers  for  prostate  cancer 

■  Shown  that  the  proteasome  and  mdrl  have  a  degree  of  cross  specificity  and  that  proteasome 
inhibitors  may  be  useful  in  eliminating  multiple  drug  resistance. 
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This  Study  has  identified  the  26s  proteasome  as  a  direct  redox-sensitive  target  for  the  effects  of 
radiation  and  heat.  This  adds  a  new  dimension  to  the  mechanisms  underlying  cellular  stress 
responses.  Since  such  responses  often  determine  the  outcome  of  therapeutic  intervention,  the 
proteasome  can  serve  as  a  target  for  therapeutic  intervention,  in  particular  in  combination  with 
hyperthermia,  radiation  therapy,  and/or  chemotherapy.  In  the  last  two  years,  appreciation  of  the 
subtle  but  powerful  impact  of  the  ubiquitin/proteasome  system  in  the  regulation  of  cell  behavior  has 
grown  enormously.  This  grant  has  allowed  us  to  participate  in  the  growth  of  this  field  and  to  make 
novel  and  unique  contributions  to  basic  understanding  of  the  role  of  the  protreasome  in  prostate 
cancer  that  are  being  translated  into  cancer  treatment.  We  are  encouraged  by  these  developments 
and  foresee  considerable  progress  in  this  area  of  research  in  the  near  future. 
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Pajonk,  F.  and  McBride,  W.  H.  The  Proteasome  in  Cancer 
Biology  and  Treatment.  Radiat.  Res.  156,  447-459  (2001). 

During  the  last  30  years,  investigation  of  the  transcriptional 
and  translational  mechanisms  of  gene  regulation  has  been  a 
major  focus  of  molecular  cancer  biology.  More  recently,  it  has 
become  evident  that  cancer-related  mutations  and  cancer-re¬ 
lated  therapies  also  can  affect  post-translational  processing  of 
cellular  proteins  and  that  control  exerted  at  this  level  can  be 
critical  in  defining  both  the  cancer  phenotype  and  the  response 
to  therapeutic  intervention.  One  post-translational  mechanism 
that  is  receiving  considerable  attention  is  degradation  of  intra¬ 
cellular  proteins  through  the  multicatalytic  26S  proteasome. 
This  follows  growing  recognition  of  the  fact  that  protein  deg¬ 
radation  is  a  well-regulated  and  selective  process  that  can  dif¬ 
ferentially  control  intracellular  protein  expression  levels.  The 
proteasome  is  responsible  for  the  degradation  of  all  short-lived 
proteins  and  70-90%  of  all  long-lived  proteins,  thereby  regu¬ 
lating  signal  transduction  through  pathways  involving  factors 
such  as  API  and  NFKB,  and  processes  such  as  cell  cycle  pro¬ 
gression  and  arrest,  DNA  transcription,  DNA  repair/misrepair, 
angiogenesis,  apoptosis/survival,  growth  and  development,  and 
inflammation  and  immunity,  as  well  as  muscle  wasting  (e.g.  in 
cachexia  and  sepsis).  In  this  review,  we  discuss  the  potential 
involvement  of  the  proteasome  in  both  cancer  biology  and  can¬ 
cer  treatment  ®  2001  by  Radiation  Research  Society 


INTRODUCTION 

Most  potentially  malignant  tumor  cells,  like  their  normal 
counterparts,  will  die  as  they  move  outside  the  environment 
that  nurtures  them.  Only  a  small  number  of  cells  in  a  small 
proportion  of  individuals  will  develop  mutations  that  allow 
them  to  overcome  these  limitations  and  evolve  into  a  ma¬ 
lignant  metastatic  phenotype.  This  transition  requires  mul¬ 
tiple  mutations  in  multiple  genes.  It  is  logical  to  assume 
that  targeting  therapies  to  individual  cancer-related  genes 
or  pathways  will  leave  other  pathways  intact  and  allow  at 
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of  Radiation  Therapy,  Radiological  University  Clinic,  Hugstetter  Str.  55, 
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least  a  proportion  of  the  tumor  cells  to  survive.  A  superior 
tactic  for  cancer  therapy  would  be  to  target  molecules  or 
complexes  of  molecules  that  control  nodes  where  multiple 
pathways  converge  rather  than  molecules  that  function  pri¬ 
marily  in  one  pathway.  One  promising  nodal  regulator  of 
cellular  function  is  the  proteasome. 

For  cells  to  perform  their  functions  appropriately,  they 
must  control  the  rates  of  both  synthesis  and  destruction  of 
their  proteins.  During  the  last  two  decades,  our  understand¬ 
ing  of  the  pathways  involved  in  protein  synthesis  has  grown 
enormously.  Only  recently  has  the  importance  of  controlled 
proteolysis  in  dictating  the  level  of  protein  expression,  in 
functionally  activating  precursor  proteins  to  their  mature 
form,  and  in  antigen  processing  been  recognized.  Impor¬ 
tantly,  proteolysis  has  also  been  shown  to  play  a  major  role 
in  the  cellular  response  to  stimulation.  Here  it  has  a  major 
advantage  over  protein  synthesis  in  the  speed  at  which  re¬ 
sponses  can  be  activated.  Targeting  pre-existing  proteins  for 
rapid  cleavage  is  a  common  mechanism  by  which  inhibi¬ 
tory  proteins  can  be  destroyed  and  signal  transduction  path¬ 
ways  can  be  activated.  The  26S  proteasome  is  the  multi- 
molecular  structure  most  responsible  for  the  controlled  deg¬ 
radation  of  short-  and  long-lived  proteins  in  eukaryote  cells. 
This  review  emphasizes  how  cancer  mutations  affect  mo¬ 
lecular  processing  through  this  multicatalytic  proteasome 
complex,  the  role  of  the  functional  alterations  in  the  activity 
of  the  complex  in  cancer  biology,  and  its  potential  as  a 
target  for  therapeutic  intervention  in  cancer  treatment. 

Proteolytic  Systems 

Proteolytic  systems  are  highly  conserved  in  eukaryotic 
cells  (/-(5),  The  major  division  is  into  lysosomal  and  non- 
lysosomal  systems.  While  the  former  is  dependent  on  ca- 
thepsin  B,  D,  H  and  L,  the  latter  can  be  subdivided  into 
energy-independent  and  energy-dependent  mechanisms. 
The  major  mediators  of  energy-independent  proteolysis  are 
calpain  I  and  II.  Most  intracellular  molecules,  however,  are 
degraded  through  the  proteasome.  For  many  years,  protea- 
somes  were  considered  as  being  involved  only  in  normal 
housekeeping  events  that  required  protein  turnover.  More 
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FIG.  1.  Stnicture  of  a  19S--20S-1IS  hybrid  proteasome  as  described 
in  ref.  {23).  The  20S  core  unit  consists  of  four  rings  of  seven  a  and  ^ 
units,  respectively.  The  inner  two  rings  of  beta  subunits  form  the  catalytic 
center  of  the  protease.  Attached  to  both  ends  of  the  20S  core  unit  are 
1  IS  and  I9S  regulatory  units.  See  the  text  for  details. 


recently,  their  roles  in  cell  cycle  progression,  transcription 
and  DNA  repair,  as  well  as  in  cellular  responses  to  stress, 
have  come  to  the  fore.  Several  structural  forms  of  protea- 
somes  have  evolved  that  have  the  same  basic  central  core 
structure  and  that  specialize  in  specific  functions.  The  ATP- 
and  ubiquiiin-dependent  26S  proteasome  is  responsible  for 
controlled  degradation  of  all  short-lived  proteins  (7)  and 
70-90%  of  all  long-lived  proteins  (7,  8).  Non-ATP  and 
non-ubiquitin  proteasomal  pathways  are  also  present  that 
tend  to  specialize  in  the  removal  of  degraded  proteins. 

Structure  and  Function  of  Proteasome s 

The  proteasome  consists  of  a  large  barrel-shaped  20S 
core  unit  of  about  700  kDa  that  may  have  two  19S  regu¬ 
latory  units  (also  known  as  PA700),  or  two  IIS  activator 
units  (also  known  as  PA28  or  REG),  or  one  19S  and  one 
ilS  unit  (hybrid)  attached  to  both  ends  (Fig.  1).  The  19S 
regulator  unit  is  formed  from  at  least  18  different  subunits. 
Some  (Rptl-6:  human  genes  PSMCl-6)  have  ATPase  ac¬ 
tivity  and  form  a  “base’*  to  the  19S  structure;  others 
(Rpnl-12;  human  genes  PSMDI-I2)  do  not,  and  form  the 
“lid.**  The  IIS  activator  unit  is  formed  from  two  subunits. 


a  and  p  (PSMEl  and  PSME2,  also  known  as  PA28  a  and 
P,  or  REG  a  and  P).  The  IIS  activator  subunits  share  ap¬ 
proximately  50%  homology  to  a  nuclear  protein  of  un¬ 
known  function,  the  Ki  auto-antigen  [recently  identified  as 
PSME3,  also  known  as  PA28'y  (9)].  The  20S  core  is  inac¬ 
tive  unless  it  is  activated  by  the  19S  or  US  caps.  Experi¬ 
mentally,  it  can  be  activated  by  SDS  treatment. 

The  20S  core  is  a  barrel-shaped  structure  of  four  protein 
complexes.  The  two  outer  rings  have  seven  a  subunits.  The 
two  inner  two  rings  are  built  from  seven  P  subunits,  which 
form  the  catalytic  sites.  Proteins  for  degradation  have  to  be 
unfolded  and  passed  into  the  central  core  of  the  proteasome. 
Constitutive  p  subunits  (pi,  P2  and  P5;  human  genes 
PSMB6,  PSMB7  and  PSMB5)  in  the  inner  rings  can  be 
replaced  by  interferon  7- inducible  subunits  pii,  P2i,  and 
p5i  [LMP-2  (gene  name  PSMB9\  MECL-1  {PSMB10\  and 
LMP-7  {PSMB8),  respectively]  (70-74).  The  inducible  sub¬ 
units  are  coded  in  the  class  n  region  of  the  MHC  locus. 
The  US  activator  (PA28)  subunits  are  also  inducible  by 
interferon  7.  Structures  containing  inducible  subunits  are 
often  called  “immunosomes**  because  of  their  potency  in 
processing  antigen  into  peptides  for  immune  presentation. 

The  26S  proteasome,  which  contains  19S  regulatory  sub¬ 
units,  is  specialized  in  the  recognition  and  destruction  of 
proteins  specifically  targeted  to  it  by  the  process  of  ubi- 
quitinylation.  A  concerted  cascade  of  three  enzymes  is  gen¬ 
erally  involved  in  this  process.  First,  ubiquitin,  a  76-residue 
polypeptide  found  in  all  eukaryotic  cells,  is  activated  when 
its  carboxy-terminal  glycine  is  transformed  into  a  high-en¬ 
ergy  thiolester  intermediate  by  the  ubiquiiin-activating  en¬ 
zyme  El.  A  family  of  ubiquitin-conjugating  (E2)  enzymes 
conjugates  ubiquitin  to  a  diverse  set  of  substrate  recognition 
(E3)  factors.  These  E3  ubiquitin  ligases  catalyze  the  last 
step,  which  is  ligation  of  activated  carboxy-terminal  ubiq¬ 
uitin  to  amino  groups  of  lysine  residues  in  the  targeted  pro¬ 
tein  to  form  a  polyubiquitin  chain  that  is  recognized  by 
PSMDIO  in  the  19S  regulatory  unit.  The  E3  ligases  are 
largely  responsible  for  conferring  specificity  at  the  level  of 
substrate  recognition.  Ligases  belong  to  one  of  uvo  major 
families,  the  HECT  domain  ligases  (homologous  to  the  E6 
accessory  protein  carboxy  terminus)  and  the  RING  finger 
ligases.  E2  may  also  transfer  activated  ubiquitin  directly  to 
the  substrate,  and  this  may  occur  on  the  proteasome.  Rec¬ 
ognition  of  oxidized,  damaged  or  excess  proteins,  at  least 
in  most  cases,  does  not  appear  to  require  ubiquitinylation 
or  proteasomes  that  contain  the  19S  regulator. 

Proteasomal  Function  and  the  Immune  System 

Recognition  of  endogenously  processed  antigens  by  cy¬ 
totoxic  T  lymphocytes  requires  epitopes  to  be  presented  in 
the  context  of  major  histocompatibility  complex  class  I 
(MHC  I)  molecules.  The  al  and  a2  domains  of  MHC  I 
molecules  form  a  groove  that  holds  peptides  of  7-13  amino 
acids.  While  alternate  nonproteasomal  pathways  exist  for 
processing  some  antigens,  most  endogenously  produced  an- 
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tigens  that  generate  cytotoxic  lymphocytes  are  processed 
through  the  proteasome.  The  peptides  are  produced  by  the 
proteasome  and  delivered  to  nascent  MHC  I  molecules  in 
the  lumen  of  the  endoplasmic  reticulum  (ER)  by  specialized 
transporters  that  are  associated  with  antigen  processing 
(TAP)  proteins.  The  affinity  of  binding  of  the  peptides  is 
determined  by  the  nature  of  the  interacting  residues;  bind¬ 
ing  requires  the  presence  of  one  or  more  proline-rich  anchor 
residues.  Binding  stabilizes  the  MHC  I  complex  in  asso¬ 
ciation  with  the  p2-microgIobulin  in  a  trimeric  complex 
that  moves  to  the  cell  surface  so  that  the  antigenic  epitope 
can  be  presented  to  the  cognate  T  cell  [reviewed  in  refs. 
{15-17)].  The  mechanism  by  which  the  proteasome  cleaves 
proteins  to  generate  products  whose  modal  size,  after  N- 
terminus  trimming,  is  a  nonapeptide  is  not  known.  Immu- 
noproteasomes  formed  under  the  influence  of  cytokines,  in 
particular  interferon  7,  which  is  produced  during  activation 
of  T  cells  specialized  in  cellular  immunity,  are  particularly 
efficient  at  this  cleavage  process  (75-22).  The  relationship 
between  the  26S  proteasome  and  the  immunoproteasome  in 
the  processing  of  ubiquitinylated  antigens  is  still  uncertain, 
and  hybrid  proteasomes  containing  19S  and  IIS  subunits 
may  be. particularly  effective  in  this  situation. 

Molecular  Interactions  with  the  Proteasome  System  and 
Evasion 

In  addition  to  indirect  targeting  of  proteins  for  destruc¬ 
tion  through  ubiquitinylation,  two  hybrid  screens  and  other 
techniques  have  identified  a  number  of  proteins  that  interact 
directly  with  proteasomal  subunits,  in  particular  with  those 
that  form  the  19S  regulatory  cap  and  that  have  ATPase 
activity  (25).  A  number  viral  proteins  such  as  Ad  El  A,  SV- 
40T,  E7  and  HVI-1  tat  can  interact  in  this  manner,  sug¬ 
gesting  that  viruses,  including  herpes  simplex  virus,  cyto¬ 
megalovirus,  human  papilloma  virus,  and  human  immu¬ 
nodeficiency  virus  type  1,  have  evolved  strategies  of  rep¬ 
lication  and  immune  evasion  that  target  the  proteasome 
{24-29).  Other  interacting  molecules  are  certain  cell  surface 
receptors,  such  as  TNFRSFl  A  (TNFRl),  TR,  EGFR,  ERa, 
RARA,  and  RXR.  This  may  provide  a  very  rapid  mecha¬ 
nism  by  which  cells  can  control  responses  to  external  stim¬ 
uli.  Demonstration  of  direct  interactions  with  proteins  in¬ 
volved  in  DNA  repair  (RAD23)  and  the  cell  cycle  [CDC28, 
PSMD9  (p27)]  indicate  the  importance  of  the  proteasome 
in  these  processes.  Finally,  the  proteasome  is  intimately 
linked  with  chaperones,  such  as  HSP90,  which  play  a  role 
in  unfolding  proteins  for  insertion  into  the  internal  catalytic 
chamber  and  may  also  regulate  proteasomal  activity  {30). 

It  is  not  surprising  that  tumors,  as  well  as  viruses,  have 
evolved  mechanisms  to  interfere  with  proteasome  function. 
The  extent  of  this  interference  is  uncertain,  but  interference 
with  molecules  that  are  required  for  efficient  antigen  pro¬ 
cessing  and  presentation  has  been  reported.  Many  tumors 
have  down-regulated  TAPI,  TAP2,  PSMB9  (LMP2)  or 
PSMB8  (LMP7)  expression  (57,  52);  re-establishing  these 


pathways  by  gene  transfer  often  leads  to  immune  recogni¬ 
tion  of  these  tumors.  One  mechanism  by  which  tumors  may 
escape  immune  recognition  is  the  release  of  high  levels  of 
the  immunosuppressive  cytokine  interleukin  10,  which  in¬ 
activates  TAP  and  proteasomal  function,  leading  to  de¬ 
creased  presentation  of  peptide-epitopes  on  MHC  I  mole¬ 
cules  on  the  cell  surface  (55).  Modulation  of  proteasome 
activity  by  cytokines  may  also  enhance  tumor  antigen  pre¬ 
sentation.  Studies  in  our  laboratories  showed  that  1L3  gene 
transfection  of  fibrosarcoma  cells  enhanced  proteasomal  ac¬ 
tivity  and  the  immunogenicity  of  immunogenic  fibrosar¬ 
coma  cells  when  compared  to  nonimmuno genic  control 
cells  expressing  a  control  vector  (Pajonk  and  McBride,  un¬ 
published  data). 

In  addition  to  cancer  and  viral  infections,  there  is  grow¬ 
ing  evidence  that  the  proteasome/TAP  system  plays  a  cru¬ 
cial  immunomodulatory  role  in  benign  inflammatory  dis¬ 
eases.  Recent  studies  have  linked  polymorphism  of  26S 
proteasome  subunits  and  TAP  to  Sjoergren’s  syndrome, 
streptococcal-related  polyarthritis,  rheumatoid  arthritis, 
myositis,  systemic  lupus  erythematosus,  HLA-B27-associ- 
ated  juvenile  rheumatoid  arthritis,  and  juvenile  ankylosing 
spondylitis  {34-40).  The  critical  role  of  the  proteasome  in 
the  generation  of  immunity  is  supported  by  recent  studies 
identifying  the  frequently  used  immunosuppressive  drugs 
cyclosporin  A  and  rapamycin  as  potent  and  direct  inhibitors 
of  proteasome  activity  {41,  42). 

PROTEASOMES  AND  CANCER 
Tumor  Suppressor  and  Oncogenes 

It  is  widely  accepted  that  most,  if  not  all,  forms  of  ma¬ 
lignancy  are  caused  by  genetic  mutations  in  oncogenes  and/ 
or  mmor  suppressor  genes.  It  is  of  interest  to  note  that  pro¬ 
teasomal  degradation  regulates  the  level  of  expression  of 
the  products  of  many  of  these  genes  (Tables  1  and  2)  (45- 
45),  and  any  cancer-related  modifications  in  proteasome 
function  may  affect  the  degradation  pathways.  Funhermore, 
some  gene  products  interact  directly,  or  indirectly  through 
the  ubiquitin  pathway,  with  proteasomal  subunits.  Muta¬ 
tions  in  ubiquitin  or  proteasome  binding  sites  could  alter 
protein  stability  and  contribute  to  carcinogenesis.  In  addi¬ 
tion,  some  tumor  suppressor  gene  or  oncogene  products 
actually  participate  in  substrate  ubiquitinylation  as  E3  li- 
gases.  The  potential  implications  of  these  interactions  can 
be  seen  by  examination  of  a  number  of  examples. 

Mutations  in  the  tumor  suppressor  gene  APC  have  been 
associated  with  the  development  of  familial  polyposis  coli 
and  spontaneous  colon  carcinomas.  One  function  of  the 
APC  gene  product  is  the  control  of  (3-catenin  levels.  Mu¬ 
tation  of  the  APC  gene  leads  to  accumulation  of  p-catenin 
in  the  cytosol,  and  increased  g-catenin  levels  have  been 
linked  to  human  cancer  (reviewed  in  ref.  46).  The  mecha¬ 
nism  by  which  APC  controls  P-catenin  levels  is  not  fully 
understood,  but  APC  is  involved  in  its  ubiquitination  (47), 
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TABLE  1 


Human  Tumor  Suppressor  Genes  Interacting  with  the  Ubiquitin-26S  Proteasome  Pathway 


Gene 

Tumor 

Type  of  interaction 

Reference(s) 

APC 

DCC 

TP53 

Familial  adenomatosis  polyposis 

Colon  carcinoma 

Breast,  colon,  lung  carcinomas,  osteosarcoma. 

Blocks  p-catenin  degradation  by  the  26S  proteasome 
Degraded  by  the  26S  proteasome 

Degraded  by  the  26S  proteasome 

(47) 

{52,  175) 
{176-^178) 

RBI 

astrocytoma,  etc. 

Retinoblastoma,  osteosarcoma,  breast,  bladder. 

Degraded  by  the  26S  proteasome 

(29) 

VHL 

lung  carcinomas 

von  Hippel-Lindau  syndrome  (renal  carcinoma, 
pheochromocytoma,  hemangioblastoma) 

Targets  HIFIA  for  26S  proteasome-dependent  degradation 
under  well-oxygenated  conditions 

(6S) 

and  APC  mutation  may  interfere  with  its  phosphorylation 
(45). 

The  tumor  suppressor  gene  DCC  (deleted  in  colon  can¬ 
cer)  spans  a  L4-Mbp  region  of  the  human  genome  (49), 
and  deletions  in  this  region  are  observed  in  about  70%  of 
colorectal  cancers  (50).  The  functions  of  its  gene  products 
are  not  clear,  but  the  main  product  is  a  large  transmembrane 
protein  of  four  immunoglobulin-like  and  six  fibronectin 
type  ni-like  extracellular  domains  with  a  325-amino-acid 
cytoplasmic  domain  (57).  The  cytoplasmic  domain  has  re¬ 
cently  been  shown  by  yeast  two-hybrid  screening  to  bind 
SIAH  proteins,  the  human  homologues  of  the  Drosophila 
seven  in  absentia  (sina)  gene.  SIAH  regulates  the  stability 
of  DCC  by  interacting  with  ubiquitinating  enzymes  that  tar¬ 
get  DCC  for  degradation  (52). 

The  TP53  tumor  suppressor  gene  is  mutated  in  about  half 
the  cases  of  human  cancer.  It  is  expressed  at  low  levels  in 
normal  cells,  but  levels  are  elevated  after  mutation  or  in 
response  to  DNA  damage,  such  as  that  caused  by  ionizing 
radiation.  The  level  of  TP53  is  determined  by  nontranscrip- 
tional  mechanisms.  TP53  is  targeted  for  destruction  by  the 
E3  ubiquitin  ligase  MDM2,  and  disruption  of  this  autoreg- 


ulatory  loop  has  profound  effects  on  cell  survival  and  tu- 
morigenesis.  Conjugation  of  UBLl  (also  known  as  SUMO- 
1)  with  MDM2  prevents  self-ubiquitination  and  degradation 
of  MDM2,  increasing  the  rate  of  destruction  of  TP53  (55). 
Stabilization  of  TP53  in  response  to  radiation  is  associated 
with  inhibition  of  MDM2-mediated  degradation,  reduction 
in  MDM2  sumoylation,  and  phosphorylation  of  TP53  (55). 
Expression  of  TP53-induced  CDKNIA  (also  known  as 
p2  jwAFi/cip)^  which  is  responsible  in  large  part  for  radiation- 
induced  G/S-phase  arrest  through  CDK  inhibition,  and 
GADD45,  which  is  involved  in  G^/M-phase  arrest,  is  con¬ 
trolled  directly  and  indirectly  by  proteasomal  degradation. 
Stabilization  of  mutated  TP53  seems  to  be  the  result  of  two 
independent  phenomena,  both  of  which  cause  its  impaired 
ubiquitination:  The  loss  of  wild-type  TP53  function  acts  to 
stabilize  mutated  TP53  by  affecting  MDM2-mediated  ubi¬ 
quitination.  In  addition,  mutated  TP53  can  be  stabilized  by 
binding  of  HSP90,  which  could  be  overcome  by  treatment 
with  the  HSP90  inhibitor  geldanamycin  (54). 

The  protein  product  of  the  gene  mutated  in  retinoblas¬ 
toma  (RBI,  also  known  as  RB,  pRB  or  pl05),  is  a  negative 
regulator  of  the  Gj-  to  S-phase  transition.  The  hypophos- 


TABLE  2 

Human  Proto-Oncogenes  Interacting  with  the  Ubiquitin -26S  Proteasome  Pathway 


Gene/ 

gene 

family 

Tumors  with  abnormal  expression 

Type  of  interaction 

Reference(s) 

ABL 

Chronic  myelocytic  leukemia,  acute  lymphatic  leukemia, 
chronic  neutrophilic  leukemia 

BCR-ABL  targets  ABI  for  proteasomal  degradation. 
BCR-ABL  expression  depends  on  26S  proteasome 
function 

(77,  75) 

FOS 

Breast,  ovarian,  prostate,  cervical  cancer,  skin 

Degraded  by  the  26S  proteasome 

{93.  94.  96) 

MOS 

Plasmocytoma 

Degraded  by  the  26S  proteasome 

{179) 

MYB 

Myeloid  and  lymphoid  leukemia 

Degraded  by  the  26S  proteasome 

(99) 

MYC 

RAF 

B-cell  lymphomas,  promyelocytic  leukemia 

Degraded  by  the  26S  proteasome 

Raf-B  binds  to  P.\28a  activates  the  26S  proteasome; 
RAF!  is  degraded  by  the  26S  proteasome 

006) 

010,  ISO) 

RAS 

Lung,  colon,  bladder,  breast  and  teraiocarcinoma,  neuro¬ 
blastoma,  leukemia,  fibrosarcoma,  melanoma,  rhabdo¬ 
myosarcoma 

Inhibits  the  proteasome-dependent  degradation  of  MYC 

{44) 

REL 

B-cell  lymphomas,  multiple  myeloma.  Hodgkin's  disease, 
non-small  cell  lung  carcinoma,  squamous  head  and 
neck  carcinoma,  breast  cancer,  colon  cancer,  stomach 
cancer,  thyroid  carcinoma 

Subunit  of  the  transcription  factor  NFKB.  activated  by 
26S  proteasome-dependent  degradation  of  NFKBl 

014) 

SRC 

Brain  tumors 

Targets  ABI  for  proteasomal  degradation 

{77) 
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phorylated  form  of  RB 1  binds  to  the  E2F  family  of  tran¬ 
scription  factors  that  controls  expression  of  essential  cell 
cycle  proteins  like  DNA  polymerase  a.  Upon  phosphory¬ 
lation  by  cyclin-dependent  kinases  (CDKs),  RBI  releases 
E2F,  allowing  transcriptional  activation  of  E2F-dependent 
genes  and  cell  cycle  progression  (55).  RBI  is  ubiquitinated 
and  degraded  (29,  56-59).  Additionally,  free  E2F  itself  is 
degraded  in  a  ubiquitin-dependent  manner  by  26S  protea- 
some  [for  a  review  of  E2F  regulation,  see  {60)].  Mutated 
RBI  that  has  been  deleted  in  at  the  carboxy- terminal  end 
(position  1-792)  lacks  E2F  stabilizing  function  and  is  un¬ 
able  to  protect  E2F  from  ubiquitination  and  subsequent 
degradation  by  the  26S  proteasome  (56). 

In  response  to  low  oxygen  tension,  cells  activate  the  tran¬ 
scription  factor  HEFl,  which  binds  to  specific  DNA  se¬ 
quences  in  the  promoter  regions  of  genes  like  erythropoi¬ 
etin  and  vascular  endothelial  growth  factor  {VEGF).  HIFl 
is  a  heterodimer  of  HIFl  A  and  HIF-ip  (now  known  as  aryl 
hydrocarbon  receptor  nuclear  translocator,  ARNT).  In  ad¬ 
dition  to  binding  to  HIFl  A,  ARNT  is  able  to  bind  to  the 
aryl  hydrocarbon  receptor  (AHR)  and  subsequently  acti¬ 
vates  genes  of  the  xenobiotic  detoxification  system  (67). 
Under  well-oxygenated  conditions,  HIFl  A  is  rapidly  inac¬ 
tivated  by  26S  proteasome-dependent  degradation  (62).  Un¬ 
der  hypoxic  conditions,  HIFIA  is  stabilized  and  active  (6i). 
Hypoxia  inhibits  proteasome  function  (64),  indicating  one 
of  the  mechanisms  by  which  this  stabilization  might  occur. 
The  von  Hippel-Lindau  tumor  suppressor  gene  product 
(VHL),  which  is  thought  to  be  regulated  by  a  feiro-protein 
oxygen  sensor  (65),  is  a  component  of  the  E3  ligase  com¬ 
plex  that  leads  to  degradation  of  HIFIA  (66).  Two  recent 
reports  indicate  that  HIFIA  is  hydroxylated  at  a  proline 
residue  under  well-oxygenated  conditions  and  that  this 
post-translational  modification  targets  HIFIA  for  ubiquitin¬ 
ation  by  VHL  (67-69).  Mutations  in  VHL  are  found  in  pa¬ 
tients  with  dominant  inherited  VHL  syndrome;  this  is  the 
most  common  genetic  defect  associated  with  kidney  cancer 
in  humans.  Such  defects  cause  accumulation  of  HIFiA  fol¬ 
lowed  by  uncontrolled  angiogenesis  as  a  result  of  HEFl 
transcriptional  activity.  The  data  suggest  a  direct  link  be¬ 
tween  the  VHL  tumor  suppressor  gene  product  and  the  pro¬ 
cess  of  ubiquitination  and  its  dysregulation  in  kidney  can¬ 
cer. 

ABL  is  the  cellular  homologue  of  the  transforming  gene 
of  Abelson  murine  leukemia  virus.  Activation  of  the  on¬ 
cogenic  potential  of  ABL  occurs  as  a  consequence  of  a 
translocation  event  that  results  in  the  expression  of  chimeric 
fusion  proteins  like  BCR- ABL  and  ETV6  (also  known  as 
TEL)-ABL  {70)  in  chronic  myelogenous  leukemia  (70), 
acute  lymphocytic  leukemia  (77),  and  chronic  neutrophilic 
leukemia  (72,  73).  ABL  codes  for  a  tyrosine  kinase  that 
carries  3  DNA-binding  domains  and  is  a  negative  regulator 
of  cell  growth  (74).  Intranuclear  proteins  such  as  RBI  neg¬ 
atively  regulate  ABL  kinase  activity,  and  proteasomal  deg¬ 
radation  of  RBI  releases  ABL  to  phosphorylate  RNA  poly¬ 
merase  II.  After  irradiation,  ABL  is  phosphorylated  by 


ATM  (reviewed  in  ref.  75).  In  cells  carrying  the  BCR- ABL 
translocation,  the  fusion  protein  relocates  from  the  nucleus 
to  the  cytoplasm  and  shows  greatly  enhanced  tyrosine  ki¬ 
nase  activity,  resulting  in  positive  regulation  of  cell  growth 

(76) .  Dai  and  coworkers  recently  reported  that  BCR-ABL 
targets  ABL-interactor  proteins  (ABIl  and  ABI2),  which 
are  inhibitors  of  the  tyrosine  kinase  activity  of  ABL,  for 
ubiquitin-dependent  proteolysis  by  the  26S  proteasome 

(77) .  The  dependence  of  BCR-ABL  on  the  26S  proteasome 
pathway  for  its  growth- promoting  function  is  further  sup¬ 
ported  by  the  observation  that  proteasome  inhibition  leads 
to  inactivation  of  BCR-ABL  function,  reduced  BCR-ABL 
expression,  and  apoptosis  in  K562  cells  {78).  Mild  hyper¬ 
thermia,  which  also  inhibits  proteasome  function,  has  a 
similar  effect  on  BCR-ABL  expression  (79). 

Abnormal  expression  levels  of  FOS  have  been  found  in 
breast  cancer  {80),  ovarian  cancer  (57),  prostate  cancer 
(52),  cervical  cancer  (55),  and  skin  carcinomas  (54).  FOS, 
the  gene  product  of  the  FOS  proto-oncogene,  is  a  major 
subunit  of  the  activator  protein  1  (API)  transcription  factor 
complex,  a  pathway  involved  in  cell  growth  (55),  differ¬ 
entiation  (56)  and  transformation  (57).  API  activation  re¬ 
sults  from  signaling  through  MAP  kinase  pathways.  Acti¬ 
vation  of  the  MAPK8  (also  known  as  JNK/SAPK)  pathway 
leads  to  up-regulated  transcription  of  FOS  and  phosphor¬ 
ylation  of  JUN  at  serine  63  and  73  (55).  This  leads  to  for¬ 
mation  and  enhanced  transcriptional  potential  of  the  API 
transcription  factor  complex  (59-92).  These  pathways  are 
counterbalanced  by  ubiquitin-dependent  proteolysis  of  FOS 
(95-96)  and  JUN  (94,  95,  97)  by  the  26S  proteasome.  Al¬ 
though  the  conjugating  enzymes  responsible  for  ubiquitin¬ 
ation  of  FOS  have  been  identified  (96),  the  pathways  and 
signals  that  target  FOS  and  JUN  for  ubiquitination  are  not 
fully  understood,  but  deletion  of  the  C-terminal  PEST  se¬ 
quence,  which  is  altered  in  the  proto-oncogene  FOS,  greatly 
enhances  its  stability  (45). 

MYB  is  the  human  homologue  of  the  avian  gene  that  was 
first  described  in  avian  myeloid  leukemia  viruses,  and  it  is 
associated  with  development  of  myeloid  leukemia  in  hu¬ 
mans.  It  is  up-regulated  during  the  Gj  phase  of  the  cell 
cycle  in  hematopoietic  cells.  In  these  cells,  MYB  functions 
as  a  transcription  factor  involved  in  proliferation  and  dif¬ 
ferentiation  (reviewed  in  ref.  95).  MYB  proteins  have  a 
half-life  of  less  than  1  h  (99,  WO).  This  is  achieved  by 
ubiquitin-dependent  degradation  by  the  26S  proteasome. 
Myeloid  leukemia-specific  forms  of  MYB  that  are  truncated 
at  the  COOH-terminal  exhibited  increased  stability  (99). 

The  MYC  gene  family  consists  of  cellular  MYC,  MYCN, 
which  is  associated  with  neuroblastomas  (707)  and  retino¬ 
blastomas  (702),  and  MYCL,  which  is  detected  in  small  cell 
lung  cancers  (705,  704).  In  the  presence  of  RAS.  MYC  has 
transforming  activity,  and  dysregulated  levels  of  MYC  have 
been  described  for  many  malignancies.  MYC  has  a  very 
short  half-life  of  30  min  (705),  and  MYC  and  MYCN  are 
both  degraded  by  the  26S  proteasome  in  a  ubiquitin-depen¬ 
dent  manner  (706).  This  process  is  promoted  by  the  human 
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papilloma  virus  protein  E6,  which  is  expressed  by  the  high¬ 
ly  oncogenic  strain  HPV16  {106), 

Many  extracellular  survival  signals  converge  in  activa¬ 
tion  of  the  RAS/RAFl/MAP  kinase  pathway  (reviewed  in 
ref.  W7),  leading  to  cell  differentiation  {108)  or  prolifera¬ 
tion  {109).  RAFl  is  normally  complexed  in  a  cell  with 
CDC37  (p50),  which  recruits  HSP90  to  stabilize  RAFl. 
RAFl  is  rapidly  degraded  by  the  26S  proteasome  in  its 
absence  {110,  111).  Disruption  of  RAF1-HSP90  complex 
formation  using  the  HSP90  inhibitor  geldanamycin,  a  ben- 
zoquinone,  or  ansamycin  or  by  overexpression  of  a  domi¬ 
nant  negative  CDC37  (p50)  that  is  unable  to  recruit  HSP90 
causes  failure  of  signal  transduction  {112).  RAFl  mutations 
have  been  described  in  human  lymphomas  and  leukemias 
{113),  but  it  is  not  known  whether  these  mutations  lead  to 
the  stabilization  of  RAFl  by  the  blocking  of  proteasome- 
dependent  degradation. 

The  members  of  the  REL/NFKB  family  of  transcription 
factors  share  a  highly  conserved  DNA-binding  domain 
called  the  REL  homology  domain.  Homo-  or  heterodimers 
of  this  family  bind  to  10-bp  DNA  sites  (K-sites).  Mammals 
have  five  different  NFKB  subunits:  p50  (TNFRSF5)/pl05 
(NFKBl),  p52/pl00  (NFKB2),  REL,  p65/RELA  and 
RELB.  The  p65/p50  heterodimer  is  most  important  for  most 
responses.  It  is  sequestered  in  the  cytoplasm  bound  to  its 
inhibitor  molecule  NFKBl  A.  The  classical  pathway  of 
NFKB  activation  involves  phosphorylation  of  NFKBl  A  by 
IKK  kinases,  causing  its  ubiquitination  and  subsequent  deg¬ 
radation  by  the  26S  proteasome.  This  frees  NFKB  for  trans¬ 
location  into  the  nucleus  and  allows  transcriptional  activa¬ 
tion  of  NFKB-dependent  genes  (reviewed  in  ref.  114). 

Constitutive  activation  of  the  NFKB  signal  transduction 
pathway  has  been  implicated  as  promoting  cell  survival  in 
many  malignancies,  including  non-Hodgkin’s  lymphoma, 
Hodgkin’s  disease  {115),  myeloma,  breast  cancer,  prostate 
cancer  {116),  melanoma  (777),  and  squamous  cell  carci¬ 
noma  of  the  head  and  neck  (775).  Activation  can  be  the 
result  of  gene  amplification  or  rearrangements  of  the  REL 
gene  (lymphomas),  REL  overexpression  (non-small  cell 
lung  carcinomas),  RELA  translocation,  overexpression  or 
amplification  (lymphomas  and  leukemias,  squamous  cell 
carcinoma  of  the  head  and  neck,  adenocarcinoma  of  the 
breast  and  the  stomach,  and  thyroid  carcinomas),  overex¬ 
pression  of  TNFRF5  (non-small  cell  lung  carcinomas),  or 
mutations  in  NFKBl  A  (Hodgkin’s  disease)  (reviewed  in 
ref.  779).  One  potential  additional  mechanism  leading  to 
constitutive  NFKB  activation  is  increased  26S  proteasome 
activity,  which  could  enhance  the  rate  of  degradation  of 
NFKBl,  or  increase  the  production  of  TNFRSF5  from 
NFKBL  Proteasome  activity  and  NFKB  activity  correlated 
well  in  a  panel  of  human  tumor  cell  lines  (720). 

The  SRC  oncogene  encodes  for  the  tyrosine  kinase 
ppbQSRc^  which  was  first  described  by  Duesberg  and  Vogt 
(727).  It  is  the  prototype  for  a  family  of  related  kinases  that 
are  involved  in  many  signal  transduction  pathways.  Ab¬ 
normal  expression  of  this  gene  has  been  described  in  human 


brain  tumors  (722).  The  gene  product  pp6CF^^  interacts  with 
ubiquitin/26S  proteasome  pathway  in  two  ways:  Oncogenic 
forms  of  ppbCF*^^  phosphor y  late  ABI  proteins  and  target 
them  for  ubiquitination  and  degradation  (77).  ABI  proteins 
in  turn  antagonize  the  oncogenic  potential  of  ABL,  giving 
rise  to  a  contribution  of  SRC  to  the  progression  of  BCR- 
ABL-positive  leukemias.  Additionally,  wild-type  pp60^^^  is 
itself  degraded  through  the  26S  proteasome  (72J,  124). 

PROTEASOMES  AND  CELL  FUNCTION 
Cell  Cycle  Regulation 

The  eukaryotic  ceil  cycle  is  coordinated  by  the  interac¬ 
tion  of  families  of  cyclins  with  cyclin-dependent  kinases 
(CDKs).  Cyclin  levels  vary  throughout  the  cell  cycle,  and 
their  regulated  degradation  by  the  proteasome  is  essential 
for  cell  cycle  progression.  Degradation  is  facilitated  by 
polyubiquitination  by  a  family  of  E3  ubiquitin  ligases 
termed  the  SKPl-CDC53-F-box  protein  (SCF)  complex 
(725).  Rapidly  proliferating  cells,  whether  they  are  progen¬ 
itor  cells  or  cancer  cells,  generally  show  increased  levels 
of  expression  of  proteasome  subunits  {120,  126,  127).  In¬ 
hibition  of  proteasome  function  arrests  cells  in  Gj  (725- 
130),  late  S  (7J7),  and  G^/M  phase  of  the  cell  cycle  (752). 

The  Role  of  the  Proteasome  in  Catabolic  States 

Cancer  is  frequently  associated  with  an  increased  rate  of 
catabolism,  as  are  several  other  pathological  conditions,  in¬ 
cluding  chronic  renal  failure  and  sepsis.  The  increased  ca¬ 
tabolism  is  often  linked  to  altered  cytokine  profiles,  in  par¬ 
ticular  increased  levels  of  TNF  and  other  proinflammatory 
cytokines,  and/or  to  acidosis,  and  is  characterized  by  pro¬ 
gressive  muscle  protein  loss  (755,  134)  and  negative  nitro¬ 
gen  balance  (755).  An  inherent  component  of  the  imbalance 
appears  to  be  increased  proteasome  activity.  The  cause  of 
the  increase  is  not  known,  but  cytokines  and  acidosis  may 
directly  alter  proteasome  structure  and  function.  This  may 
explain  why  correction  of  low  pH  by  bicarbonates  corrects 
muscle  protein  loss  in  patients  with  chronic  renal  failure 
(755,  756). 

The  Proteasome  in  Angiogenesis  and  Erythropoiesis 

Tumor  growth  requires  the  induction  of  new  blood  ves¬ 
sels  to  provide  oxygen  and  nutrients.  The  process  of  angio¬ 
genesis  depends  on  two  critical  steps:  the  sensing  of  low 
oxygen  tensions  and  the  subsequent  transcriptional  activa¬ 
tion  of  pathways  leading  to  production  of  growth  factors 
that  initiate  angiogenesis  and  stimulate  erythropoiesis.  Both 
steps  depend  critically  on  proteasome  function.  As  men¬ 
tioned  earlier,  low  oxygen  tensions  cause  HIFl.A  to  dimer¬ 
ize  with  ARNT.  At  present,  it  is  not  clear  whether  HIFIA 
must  be  activated  in  response  to  hypoxia  or  whether  hyp¬ 
oxia-mediated  inhibition  of  proteasome-dependent  degra¬ 
dation  is  sufficient  to  regulate  its  activity,  but  there  is  strong 
evidence  that  the  latter  is  important  (65).  Translocation  of 
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HIFIA/ARNT  to  the  nucleus  causes  transcription  that  in¬ 
cludes  the  VEGF  and  erythropoietin  (EPO)  genes.  The  for¬ 
mer  acts  on  endothelial  cells  to  initiate  angiogenesis,  while 
the  latter  promotes  oxygen  delivery.  Signaling  through  the 
erythropoietin  receptor  (EPOR)  and  expression  of  the  re¬ 
ceptor  itself  are  regulated  by  controlled  proteolysis  through 
the  26S  proteasome  (137,  138).  Since  angiogenesis  within 
tumors  through  the  HIFIA  pathway  is  regulated  by  the 
ubiquitin/proteasome  pathway,  this  pathway  offers  a  prom¬ 
ising  target  for  future  therapies  directed  at  tumor-related 
anemia  and  tumor  anti-angiogenesis. 

The  Proteasome  and  Apoptosis 

One  of  the  most  striking  observations  in  proteasome  re¬ 
search  is  the  fact  that  inhibitors  of  the  proteasome  induce 
apoptosis  in  almost  every  malignant  cell  line  (78,  120,  139- 
147).  Some  normal  cell  types,  such  as  thymocytes,  are  ini¬ 
tially  rescued  by  proteasome  inhibitors  from  apoptosis  in¬ 
duced  by  ionizing  radiation,  glucocorticoids  or  phorbol  es¬ 
ter  (148).  Long-term  inhibition  of  proteasomes  will  even- 
mally  result  in  cell  death,  but  there  appears  to  be  a 
difference  between  normal  and  cancer  cells  that  may  be  due 
to  their  proliferative  status  or  to  cancer  cells  relying  more 
on  stress  pathways,  both  of  which  would  be  affected  rapidly 
by  proteasome  inhibition. 

Life  without  proteasome  function  is  usually  impossible, 
although  compensatory  mechanisms  have  been  observed 
after  extensive  selection  of  EL-4  mouse  lymphoma  cells 
(149)  and  human  PC-3  prostate  carcinoma  cells  (Pajonk 
and  McBride,  unpublished  results)  that  survived  in  the  pres¬ 
ence  of  a  proteasome  inhibitor.  In  EL-4  cells,  TPPII,  a  giant 
protease,  was  shown  to  compensate  for  the  loss  of  protea¬ 
some  activity  and  to  allow  cells  to  escape  cell  death  re¬ 
sulting  from  proteasome  inhibition  (149,  150). 

The  mechanism  of  apoptosis  induced  by  proteasome  in¬ 
hibitors  is  incompletely  understood  and  may  vary  with  the 
cell  line  [for  a  recent  review,  see  ref.  (/57)].  Drexler,  as 
well  as  Soldatenkov  and  Dritschilo  (152),  suggested  that 
activation  of  a  BCL2-sensitive  pathway  is  involved.  In  con¬ 
trast,  Hermann  and  coworkers  excluded  any  involvement 
of  BCL2  (142).  We  and  others  (120,  142)  have  demonstrat¬ 
ed  TP53-independent  cell  death  using  the  MG-132  protea¬ 
some  inhibitor.  Caspase  inhibitors  were  able  to  prevent 
DNA  fragmentation  but  not  apoptosis  caused  by  lactacystin 
treatment  of  M07e  human  myeloid  progenitor  cells,  sug¬ 
gesting  that  caspase  activation  was  a  secondary  effect  rather 
than  a  direct  effect  (141).  In  our  own  studies,  MG-132, 
which  also  inhibits  calpain,  did  not  cause  caspase  3  acti¬ 
vation  in  PC-3  prostate  cancer  cells  (Pajonk  and  McBride, 
submitted  for  publication),  which  might  be  because  calpain 
activity  is  necessary  to  cleave  procaspase  3  to  its  active 
form  (153).  However,  the  cells  still  died  by  apoptosis. 

Proteasome  Function  and  Cancer  Treatment 
1.  Proteasome  function  and  radiation  therapy 

Studies  in  our  laboratory  recently  demonstrated  that  pro¬ 
teasome  inhibition  radiosensitizes  SiHa  cervical  cancer 


cells  (Pajonk  et  ai,  unpublished  results),  PC-3  prostate  can¬ 
cer  cells  (Pajonk  and  McBride,  submitted  for  publication), 
and  HD-MyZ  Hodgkin's  lymphoma  cells  (120).  Compara¬ 
ble  results  have  been  reported  for  EMT-6  tumors  (154).  In 
our  experiments,  radiosensitization  did  not  depend  on  the 
level  of  expression  or  activity  of  PRKDC  (also  known  as 
DNA-PKcs)  or  on  TP53  status.  The  mechanism  of  radio¬ 
sensitization  is  unclear.  One  possibility  is  inhibition  of  the 
action  of  CDC25A,  a  phosphatase  that  is  usually  rapidly 
degraded  by  the  26S  proteasome  after  exposure  of  cells  to 
ionizing  radiation  and  is  required  for  the  Gj-  to  S-phase 
transition  of  the  cell  cycle.  Overexpression  of  CDC25A 
leads  to  enhanced  DNA  damage  and  decreased  cell  survival 
(155),  but  its  role  in  radiosensitization  induced  by  protea¬ 
some  inhibitors  has  not  been  established.  Recent  observa¬ 
tions  also  suggest  that  the  proteasome  is  indmately  in¬ 
volved  in  the  control  of  DNA  repair,  although  how  this 
process  is  affected  by  proteasome  inhibition  is  not  known. 
In  any  event,  these  observations  suggest  that  proteasome 
inhibitors  might  be  an  interesting  new  class  of  radiosensi- 
tizing  drugs.  The  reversible  proteasome  inhibitor  PS-341 
has  entered  clinical  trials  as  a  single  agent  with  some  suc¬ 
cess,  in  particular  in  multiple  myeloma  and  leukemia  (J. 
Adams,  personal  communication).  Toxicity  does  not  seem 
to  be  a  major  problem,  provided  that  the  agent  is  given 
every  four  days  to  spare  the  gastrointestinal  tract.  The  fact 
that  a  therapeutic  differential  can  be  obtained  may  be  ex¬ 
plained  by  proliferating  or  “stressed”  cells  being  prefer¬ 
entially  targeted. 

Ionizing  radiation  itself  can  lead  to  rapid,  dose-dependent 
inhibition  of  proteasome  function  to  60%  of  baseline  levels 
(756).  In  ECV304  cells,  this  decrease  occurred  within  the 
dose  range  of  0.2  to  2  Gy  and  was  not  increased  further 
with  higher  doses  up  to  20  Gy.  Inhibition  could  be  achieved 
almost  immediately  after  irradiation,  and  the  effect  lasted 
for  up  to  24  h.  The  implications  of  this  finding  are  poten¬ 
tially  important  when  considering  radiation-induced  protein 
expression.  Expression  of  many  proteins,  such  as  TP53, 
JUN,  FOS,  TNP  and  NFKB,  is  rapidly  up-regulated  after 
irradiation  by  post-transcriptional  mechanisms.  Rapid  in¬ 
hibition  of  proteasome  function  provides  a  means  by  which 
this  could  be  achieved. 

The  interplay  between  nontranscriptional  and  transcrip¬ 
tional  control  mechanisms  in  protein  expression  is  of  inter¬ 
est  and  could  help  provide  an  explanation  for  nonlinear 
dose-response  curves.  For  example,  the  transcription  factor 
NFKB,  the  major  mediator  of  inflammatory  responses,  is 
activated  by  radiation.  If  proteasome  function  is  inhibited 
by  radiation,  one  would  expect  NFKB  activation  to  be  in¬ 
hibited,  not  activated,  because  NFKBI  degradation  would 
be  blocked.  This  apparent  paradox  can  be  resolved,  because 
in  many  cells  NFKB  is  activated  only  after  high  doses  and 
in  some  situations  may  use  a  nonclassical  pathway  and  does 
not  involve  a  decrease  in  NFKBI  expression  (757).  At  low¬ 
er  doses,  inhibition  of  NFKB  activation  has  been  detected, 
at  least  in  one  cell  line  (756).  The  universality  of  the  effect 
has  yet  to  be  established,  but  if  it  is,  it  is  possible  that  the 
clinically  established  daily  fractions  of  2  Gy  were  chosen 
in  part  because  this  was  a  dose  that  minimized  inflamma¬ 
tion,  in  addition  to  sparing  late-responding  normal  tissues. 

It  is  of  interest  that  for  treatment  of  benign  inflammatory 
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and  hypeqDroliferative  diseases  like  insertion  tendonitis 
(755)  arthrosclerosis  (759),  vascular  restenosis  (760),  arte¬ 
riovenous  malformations  (767),  endocrine  ophthalmopathy 
(762,  765),  pterygium  (762,  764),  induratio  penis  plastica 
(765),  keloids  and  heterotopic  ossifications  (767),  the  doses 
of  radiation  that  were  used  were  often  lower  than  those 
used  for  cancer  treatment.  The  anti-inflammatory  action  of 
ionizing  radiation  has  not  been  fully  explained,  but  if  the 
proteasome  is  inhibited  at  low  doses,  this  could  inhibit 
NFKB  activation  in  this  dose  region.  Also,  given  the  ob¬ 
servation  that  inhibition  of  proteasome  function  has  a  ra- 
diosensitizing  effect  on  cancer  cells,  our  findings  could  help 
to  explain  the  hypersensitivity  of  mammalian  cells  to  low- 
dose  irradiation  described  by  Joiner  and  coworkers  (766) 
and  others.  Radiation-induced  DNA  damage  might  be  am¬ 
plified  by  the  radiosensitizing  effect  of  the  proteasome  in¬ 
hibition  caused  by  low-dose  irradiation. 

2.  Proteasome  function  and  chemotherapy 

Proteasome  inhibition  is  a  promising  way  to  induce  cell 
death  by  apoptosis  and  to  radiosensitize  chemotherapy-  and 
radiation-resistant  cancers  (120,  143,  145-147).  Addition¬ 
ally,  recent  data  indicate  the  possible  direct  involvement  of 
the  proteasome  in  the  mechanism  of  action  of  chemother¬ 
apeutic  agents  and  in  resistance  to  chemotherapy:  For  ex¬ 
ample,  the  anthracycline  antibiotic  doxorubicin  accumu¬ 
lates  rapidly  in  the  nucleus  of  malignant  cells.  Doxorubicin 
is  known  to  bind  to  high-molecular-weight  proteins  that 
exhibit  chymotrypsin-like  proteolytic  activity.  It  has  been 
suggested  that  these  are  proteasome  subunits  and  that,  be¬ 
cause  many  proteasome  subunits  contain  nuclear  translo¬ 
cation  signals  and  proteasome  subunit  expression  is  in¬ 
creased  in  malignant  cells,  the  proteasome  acts  as  a  carrier 
for  nuclear  uptake  of  doxorubicin  (767). 

Bleomycin  hydrolase,  which  deamidates  the  anti-cancer 
drug  bleomycin,  is  a  neutral  cysteine  protease  with  struc¬ 
tural  similarity  to  the  20S  proteasome.  Yeast  two-hybrid 
studies  identified  the  human  homologue  of  yeast  ubiquitin- 
conjugating  enzyme  9  (IJBC9)  as  a  binding  partner  for 
bleomycin  hydrolase,  linking  the  ubiquitin  system  to  che¬ 
motherapy  resistance  (765).  Also,  preclinical  studies  have 
shown  that  the  proteasome  inhibitor  PS-341  (769)  has  ad¬ 
ditive  antitumor  effects  when  combined  with  5-fluorouracil, 
cisplatin,  paclitaxel  and  Adriamycin  (754).  Furthermore,  it 
is  remarkable  that  resistance  to  chemotherapy  based  on  ex¬ 
pression  of  the  P-glycoprotein  (P-gp),  coded  by  the  multi- 
drug  resistance  gene  1  {ABCBl,  also  known  as  MDRl),  can 
be  overcome  by  co-administration  of  substances  like  cyclo¬ 
sporin  A  (770),  and  HIV-1  protease  inhibitors  like  ritonavir 
(777),  MG-132  (772)  or  PS-341  (775),  which  share  an  in¬ 
hibitory  effect  on  proteasome  function.  In  the  presence  of 
MG-132,  ubiquitinated  forms  of  P-glycoprotein  accumu¬ 
late,  but  since  lactacystin  failed  to  inhibit  P-gp  function,  the 
exact  functional  interaction  with  the  proteasome  pathway 
is  not  clear  (772).  As  with  radiation  therapy,  the  utility  of 
proteasome  inhibitors  with  chemotherapeutic  agents  will 
depend  on  the  therapeutic  benefit  that  can  be  obtained.  The 
first  clinical  trials  using  the  proteasome  inhibitor  PS-341 
seem  promising,  because  this  drug  is  surprisingly  well  tol¬ 
erated  when  applied  systemically  (J.  Adams,  personal  com¬ 
munication),  although  the  basis  for  any  differential  effect 


remains  elusive,  other  than  perhaps  a  tendency  to  target 
cycling  cells  (774). 

CONCLUDING  REMARKS 

Our  understanding  of  how  protein  expression  is  regulated 
within  a  cell  has  improved  dramatically  in  recent  years. 
While  most  attention  has  been  focused  on  the  pathways  of 
gene  transcription,  it  is  now  well  accepted  that  post-tran¬ 
scriptional  mechanisms  are  also  important.  The  role  of  the 
proteasome  pathway  as  a  post-translational  control  mech¬ 
anism  has  been  extended  so  that  it  now  appears  to  leave 
almost  no  area  of  biological  research  untouched.  Once 
thought  to  contain  little  specificity,  the  proteolytic  process 
mediated  by  the  proteasome  now  is  seen  as  an  exceptionally 
well-regulated  pathway  with  high  specificity,  most  of  which 
lies  in  the  family  of  E3  ubiquitin  ligases,  many  of  which 
have  yet  to  be  identified.  In  the  future,  targeting  these  E3 
enzymes  using  competitive  inhibitors  might  be  an  efficient 
and  highly  specific  pharmacological  way  to  manipulate  al¬ 
most  any  pathway  involved  in  the  pathophysiology  of  can¬ 
cer. 

Other  levels  of  control  over  proteolysis  also  operate,  and 
it  is  clear  that  proteasome  function  can  be  modified  by  cy¬ 
tokines,  ionizing  radiation,  heat,  hypoxia/reperfusion,  and 
other  oxidative  stresses.  The  proteasome  itself  is  therefore 
a  highly  responsive  system  that  functions  in  concert  with 
phosphorylation  and  dephosphorylation  to  allow  cells  to 
make  rapid  and  appropriate  initial  responses  to  a  wide  va¬ 
riety  of  insults.  Its  role  in  carcinogenesis  and  cancer  treat¬ 
ment  is  only  beginning  to  be  understood,  but  it  is  going  to 
be  a  prime  topic  for  proteomic  research  in  the  immediate 
future. 
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Abstract 

Background  and  purpose:  Ionizing  radiation  is  known  to  activate  certain  signal  transduction  pathways,  the  regulation  of  which  could 
involve  post-transcriptional  as  well  as  transcriptional  mechanisms.  One  of  the  most  important  post-transcriptionaf pathways  in  eukaryotic 
cells  is  the  ATP-  and  ubiquitin-dependent  degradation  of  proteins  by  the  26s  proteasome.  This  process  controls  initiation  of  many  cellular 
stress  responses,  as  well  as  inflammatory  responses  under  control  of  the  transcription  factor  NF-kB.  The  literature  on  the  relationship 
between  radiation  and  inflammation  seems  somewhat  paradoxical.  At  high  doses,  radiation  is  generally  pro-inflammatory.  On  the  other  hand, 
low  dose  radiation  has  a  long  history  of  use  in  the  treatment  of  inflammatory  disease.  This  suggests  the  involvement  of  multiple  mechanisms 
that  may  operate  differentially  at  different  dose  levels. 

Materials  and  methods .  In  this  paper,  the  ability  of  different  doses  of  ionizing  radiation  to  directly  affect  26s  proteasome  activity  was  tested 
in  ECV  304  cells.  Proteasome  activity,  kBa  protein  levels,  and  NF-kB  activation  were  monitored. 

Results:  Inhibition  of  chymotrypsin-like  20s  and  26s  proteasome  activity  was  observed  immediately  after  low-  and  high-dose  irradiation 
either  of  cells  or  purified  proteasomes.  The  inhibitory  effect  was  independent  of  the  availability  of  the  known  endogenous  proteasome 
inhibitor  heat  shock  protein  90  (hsp90).  Levels  of  kBa,  a  physiological  26s  proteasome  substrate,  were  increased  only  at  low  doses  (0.25 
Gy)  and  unaltered  at  higher  doses  whereas  only  the  highest  doses  (8  and  20  Gy)  activated  NF-kB. 

Conclusions.  We  conclude  that  the  proteasome  is  a  direct  target  of  ionizing  radiation  and  suggest  that  inhibition  of  proteasome  function 
provides  a  molecular  framework  within  which  low  dose  anti-inflammatory  effects  of  radiation,  and  radiation-induced  molecular  responses  in 
general,  should  be  considered.  ©  2001  Elsevier  Science  Ireland  Ltd.  All  rights  reserved. 

Keywords:  Gene  regulation;  Transcription  factors;  Signal  transduction;  Acute  phase  reactants;  Inflammatory  mediators 


1.  Introduction 

In  recent  years  considerable  interest  has  been  shown  in 
the  mechanisms  by  which  ionizing  radiation  induces  early 
molecular  responses  and  how  these  might  influence  subse¬ 
quent  radiation-related  events  [8,16].  Cellular  gene  expres¬ 
sion  can  be  re-orchestrated  by  radiation  within  minutes  to 
hours.  The  most  frequently  reported  immediate  early 
responses  include  up-regulation  of  expression  of  the  tran¬ 
scription  factors  JUN,  FOS,  and  NF-kB,  [2,4,14,15,20,28, 
43,44,47,50]  and  of  molecules  implicated  in  recognition  and 
repair  of  damaged  DNA,  in  responses  to  oxidative  stress, 
and  in  cell  cycle  arrest  and  death  [16].  These  immediate 
early  responses  co-ordinately  link  radiation  damage  to  path¬ 
ways  that  promote  wound  healing  and  tissue  remodeling  [8]. 

Gene  expression  can  be  modified  by  post-transcriptional 
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as  well  as  transcriptional  mechanisms.  The  former  are 
generally  the  more  rapid.  NF-kB,  which  is  the  prime  player 
linking  radiation  and  other  signals  to  inflammatory 
responses,  is  a  good  example.  NF-kB  is  a  hetero-  or  homo¬ 
dimer  of  the  subunits  p50,  p52,  p65/RelA,  c-Rel,  and  Rel-B. 
It  is  sequestered  preformed  in  the  cytosol  by  inhibitor  mole¬ 
cules  of  the  IkB  family  (iKBa,  kBp,  IKB7,  Bcl-3,  plOO, 
and  pl05).  Activation  of  this  pathway  is  normally  achieved 
by  phosphorylation  of  one  of  the  most  important  inhibitors, 
kBa,  at  two  serine-sites  (Ser-32  and  Ser-36)  by  kB 
kinases.  This  marks  kBa  for  polyubiquitination  and  subse¬ 
quent  degradation  by  the  26S  proteasome.  Degradation  of 
kBa  frees  NF-kB  for  translocation  to  the  nucleus  and  acti¬ 
vation  of  its  target  genetic  programs  (reviewed  in  [3]). 

NF-kB  activation  in  response  to  pro-inflammatory  agents 
such  as  TNFa  is  a  redox-sensitive  process  [42].  It  is  there¬ 
fore  not  surprising  that  ionizing  radiation  can  activate  NF- 
kB  [31]  through  the  classical  ubiquitin/proteasome-depen- 
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dent  pathway  [7,26],  although  in  astrocytes  and  human  brain 
tumor  cells,  phosphorylation  of  iKBa  at  tyrosine  residues 
without  its  subsequent  degeneration  has  been  suggested  as 
an  alternate  pathway  [39].  In  lymphocytes,  NF-kB  activa¬ 
tion  that  is  non-linear  with  dose  has  been  reported  [31,26], 
and  this  is  the  case  for  certain  other  radiation-induced  mole¬ 
cular  responses  [43].  It  seems  likely  that  this  non-linearity  is 
the  result  of  multiple  mechanisms  that  operate  differentially 
with  dose. 

Because  ubiquitination  and  degradation  of  negative  regu¬ 
latory  molecules  through  the  proteasome  is  often  a  first 
critical  step  for  activation  of  many  molecular  pathways, 
we  have  investigated  the  possibility  the  proteasome  itself 
is  a  redox-sensitive  target  for  irradiation.  The  26s  protea¬ 
some  is  responsible  for  the  controlled  ATP-and  ubiquitin- 
dependent  degradation  of  all  short-lived  [9]  and  70-90%  of 
all  long-lived  proteins  [9,25],  including  key  molecules  in 
signal  transduction,  cell  cycle  control,  and  immune  response 
[41].  Recently,  it  has  become  clear  that  this  activity  can  be 
intrinsically  regulated.  Here,  we  provide  evidence  that  the 
26s  proteasome  complex  is  a  direct  target  of  ionizing  radia¬ 
tion  and  that  this  mechanism  operates  functionally  to  inhibit 
activation  of  NF-kB  at  low  radiation  doses.  It  is  of  interest 
that  although  high  dose  radiation  is  generally  pro-inflamma¬ 
tory  [30],  the  history  of  radiation  therapy  for  benign  diseases 
in  particular  is  replete  with  examples  where  ionizing  radia¬ 
tion  was  used  to  terminate  preexisting  inflammatory  condi¬ 
tions  [45],  The  molecular  basis  for  this  paradox  is 
unexplained,  although  low  radiation  doses  have  been 
shown  to  inhibit  nitric  oxide  production  by  macrophages, 
while  high  doses  result  in  super-stimulation  [18].  The  rela¬ 
tive  contributions  of  post-transcriptional  and  transcriptional 
control  mechanisms  could  help  to  explain  some  of  the 
immediate  early  molecular  effects  of  ionizing  radiation  at 
different  dose  levels. 

2.  Materials  and  Methods 
2.7.  Cell  culture 

Cultures  of  ECV  304  human  bladder  carcinoma  cells 
(ATCC)  and  RAW  264.7  murine  macrophages  (a  generous 
gift  of  Dr  G.  Hildebrandt,  Department  of  Radiation  Oncol¬ 
ogy,  University  Leipzig)  were  grown  in  75  cm‘  flasks 
(Falcon)  at  2>TC  in  a  humidified  atmosphere  at  5%  CO2. 
The  medium  used  was  DMEM  medium  (Gibco  BRL) 
supplemented  with  10  %  FCS,  1  %  penicillin/streptomycin 
(Gibco  BRL),  and  0.5  mg/ml  fungizone  (amphotericin  B, 
Gibco  BRL). 

2.2.  Irradiation 

EVC  304  cells  were  trypsinized,  counted  and  1  X  10^ 
cells  were  plated  into  culture  dishes  (Falcon,  5  cm).  After 
24  h  plates  were  irradiated  at  room  temperature  using  a 
^^^Cs-laboratory  irradiator  (JL  Shepherd,  Mark  I)  at  a  dose 


rate  of  5.527  Gy/min.  Corresponding  controls  were  sham 
irradiated.  Partially  purified  proteasome  fractions  were 
resuspended  and  immediately  irradiated  on  ice.  Control 
samples  were  sham  irradiated. 

23.  Proteasome  function  assays 

Proteasome  function  was  measured  as  described 
previously  [12]  with  some  minor  modifications.  To  obtain 
crude  cellular  extracts,  cells  were  washed  with  PBS,  then 
with  buffer  I  (50  mM  Tris  (pH  7.4)  2  mM  dithiothreitol 
(DTT),  5  mM  MgCL,  2  mM  ATP),  and  pelleted  by  centri¬ 
fugation  (1000  Xg,  5  min,  4°C).  Glass  beads  and  homoge¬ 
nization  buffer  (50  mM  Tris  (pH  7.4),  1  mM  DTT,  5  mM 
MgCL,  2  mM  ATP,  250  mM  sucrose)  were  added  and  cells 
were  vortexed  for  1  min.  Beads  and  cell  debris  were 
removed  by  centrifugation  at  1000  Xg  for  5  min  and 
10  000  X  g  for  20  min  at  4®C. 

Protein  concentration  was  determined  by  the  Micro  BCA 
protocol  (Pierce)  with  BSA  (Sigma)  as  standard.  Partially 
purified  proteasomes  were  prepared  as  described  previously 
[22]  with  some  minor  modifications.  Crude  cellular  extracts 
were  subjected  to  ultra-centrifugation  at  100  000  x  g  at  4°C 
for  3  h.  The  supernatant  was  transferred  into  fresh  mbes  and 
the  resulting  pellet  was  resuspended  in  homogenization 
buffer. 

To  measure  26s  proteasome  activity,  10  }jLg  protein  of 
crude  cellular  extracts  or  1  |xg  protein  of  partially  purified 
proteasomes  of  each  sample  was  diluted  with  buffer  I  to  a 
final  volume  of  200  fxl.  For  assessment  of  20s  proteasome 
activity,  1  pig  of  protein  was  diluted  to  a  final  volume  of  200 
pil  in  a  buffer  consisting  of  50  mM  Tris-HCl  (pH7.9),  0.5 
mM  EDTA  and  0.05%  SDS.  PS-34  1  [1]  was  kindly 
provided  by  Julian  Adams,  ProScript  Inc.,  MA  and  was 
solubilized  in  acidified  ethanol  and  stored  in  small  aliquots 
at  a  concentration  of  0.5  mg/20  p.!  at  -80°C.  PS-341  was 
added  to  the  reaction  buffers  at  a  final  concentration  of  5  |jiM 
to  prove  the  specificity  of  the  cleavage  reaction.  The  fluoro- 
genic  proteasome  substrate  SucLLVY-MCA  (chymotryp- 
sin-like,  Sigma)  was  dissolved  in  DMSO  and  added  in  a 
final  concentration  of  100  pL,M  in  1%  dimethyl  sulfoxide 
(DMSO).  Proteolytic  activity  was  continuously  monitored 
by  measuring  the  release  of  the  fluorescent  group  7-amido- 
4-methylcoumarin  (AMC)  in  a  fluorescence  plate  reader 
(Spectrafluor,  Tecan,  37°C)  at  380/460  nm. 

2.4.  Immiinoblotting 

Cells  were  lysed  in  RIPA  buffer  (50  mM  Tris-HCl  (pH 
7.2),  150mMNaCL  1%  Nonidet  P-40,  SDS,  lOmMPMSF, 
aprotinin,  sodium  vanadate).  Protein  concentrations  were 
determined  using  the  BCA  protocol  (Pierce)  with  BSA 
(Sigma)  as  standard.  50  jjig  of  protein  were  electrophoresed 
in  a  SDS  gel  (0.1%  SDS/12%  polyacrylamide)  and  blotted 
to  PVDF  membranes  at  4°C.  Uniformity  of  loading  was 
confirmed  by  Coomassie  staining.  After  blocking  with 
Blotto-buffer  (Tris-buffered  saline,  0.1%  Tween  20,  5% 
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skim  milk)  for  1  h  at  room  temperature  the  membranes  were 
incubated  with  a  polyclonal  antibody  against  human  iKBa 
(0.5  pig/ml,  Santa  Cruz  Biotechnologies)  for  1  h  at  room 
temperature.  A  secondary  HRP-conju gated  antibody  and  the 
ECLplus  system  (Amersham)  were  used  for  visualization. 

2.5.  Cell  extracts  and  electrophoretic  mobility  shift  assays 

For  preparation  of  total  cytosolic  extracts,  normal  and 
treated  cells  were  dislodged  mechanically,  washed  with 
ice-cold  PBS,  and  lysed  in  TOTEX-buffer  (20  mM 
HEPES  (pH  7.9),  0.35  mM  NaCl,  20%  glycerol,  1%  Noni- 
det  P-40,  0.5  mM  EDTA,  0.1  mM  EGTA,  0.5  mM  DTT, 
PMSF  and  aprotinin)  for  30  min  on  ice.  Lysate  was  centri¬ 
fuged  at  12  000  X  g  for  5  min  at  4®C.  Protein  concentration 
was  determined  using  the  BCA  protocol  (Pierce)  and  bovine 
serum  albumin  (BSA,  Sigma)  as  standard.  15  |JLg  protein  of 
the  resulting  supemate  was  incubated  for  25  min  at  room 
temperature  with  2  |ul1  BSA  (10  jjLg/fjLl),  2  jjil  dldC  (1  )xg/pil), 
4p.l  Ficoll-buffer  (20%  Ficoll  400,  100  mM  HEPES,  300 
mM  KCl,  10  mM  DTT,  0.1  mM  PMSF),  2  |xl  buffer  D  + 
(20  mM  HEPES,  20%  glycerol,  100  mM  KCI,  0.5  mM 
EDTA,  0.25%  NP40,  2  mM  DTT,  0.1  mM  PMSF)  and  1 
pA  of  the  [7*'‘P]-ATP  labeled  oligonucleotide  (Promega, 
NF-kB:  AGT-TGA  GGG  GAC  ITT  CCC  AGG).  For  a 
negative  control,  unlabeled  oligonucleotide  was  added  in 
50-fold  excess.  Gel  analysis  was  carried  out  in  native  4% 
acrylamide/0.5  %  TBE  gels.  Dried  gels  were  placed  on  a 
phosphor  screen  for  24  h  and  analyzed  on  a  phosphor  imager 
(Storm  860,  Molecular  Dynamics). 

2.(5.  Transduction  experiments 

The  recombinant  replication-deficient  adenoviruses  Ad5- 
IkB  and  Ad5-LacZ  were  generously  provided  by  Dr.  R. 
Batra  (UCLAA^AGLAHCS,  Los  Angeles,  CA).  The  vectors 
had  been  generated  and  quality  tested  at  the  Vector  Core  at 
the  Gene  Therapy  Center  of  the  University  of  North  Caro¬ 
lina,  School  of  Medicine  and  are  described  elsewhere  [27]. 
Ad5-lKB  contains  a  gene  for  a  NF-kB  super-repressor  IkBq 
under  control  of  a  CMV-promoter/enhancer.  The  encoded 
protein  contains  serine-to-alanine  mutations  in  residues  32 
and  36,  preventing  its  phosphorylation,  ubiquitination,  and 
subsequent  degradation  by  the  26s  proteasome.  The  Ad5- 
LacZ  is  a  control  virus  that  contains  the  gene  for  (3-galacto- 
sidase  instead  of  iKBa.  Transduction  was  performed  as 
described  previously  [37].  Briefly,  cells  were  plated  into 
culture  dishes  (10  cm.  Falcon).  After  24  h,  the  medium 
was  changed  and  viral  vectors  containing  the  non-phosphor- 
able  iKBa  or  P-galactosidase  gene  was  added  at  a  multi¬ 
plicity  of  infection  (MOI)  of  1000.  After  2  h  incubation,  the 
virus-containing  medium  was  replaced  by  fresh  medium 
and  cells  were  incubated  for  additional  48  h  to  allow  gene 
expression. 


2. 7.  Drug  treatment 

The  26s  proteasome  inhibitor  MG- 132  (Calbiochem)  was 
dissolved  in  DMSO  (10  mM)  and  small  aliquots  (30  p.1) 
were  stored  at  — 20°C.  Three  hours  before  irradiation, 
growth  medium  was  replaced  by  medium  containing  MG- 
132  (50|xM,  0.5%  DMSO).  Control  cells  were  subjected  to 
DMSO  treatment  alone  (final  concentration  0.5%).  In  order 
to  activate  NF-kB  RAW  264.7  cells  were  stimulated  by 
addition  of  0.1  |xg/ml  lipopoly saccharide  (LPS  from 
Eschericia  coli\  Serotype  0111:B4)  and  100  U/ml  murine 
recombinant  interferon-gamma  to  the  complete  medium  for 
6  h  before  irradiation. 


3.  Results 

5.7.  Ionizing  radiation  inhibits  20s  and  26s  proteasome 
fimction 

There  are  numerous  reports  on  the  use  of  the  ECV  304 
cell  line  as  a  model  for  human  endothelium.  Although  this 
cell  line  has  been  recently  identified  to  be  a  variant  of  the 
T24  bladder  carcinoma  cell  line  [1 1],  it  mimics  an  endothe¬ 
lial  phenotype.  In  this  study,  it  served  as  model  for  cells  in 
an  inflammatory  environment  by  exhibiting  constitutive  and 
inducible  NF-kB  and  ICAM-1  activity.  RAW  264.7  murine 
macrophages  are  also  a  well  accepted  model  for  studying 
inflammatory  responses  [18]. 

In  order  to  explore  the  26s  proteasome  as  a  possible  direct 
target  of  ionizing  radiation,  cells  were  irradiated  with  differ¬ 
ent  doses  and  incubated  for  30  min,  3  or  24  h.  Chymotryp- 
sin-like  26s  proteasome  function  was  assessed  in  crude 
extracts  of  ECV  304  cells  by  the  rate  of  release  of  the 
fluorogenic  compound  7-amido-4-methylcoumarin  (AMC) 
from  the  proteasome  substrate  Suc-LLVY-AMC  with 
continuous  monitoring. 

Doses  from  0.17  to  2  Gy  gave  a  rapid,  dose-dependent 
decrease  in  chymotrypsin-like  26s  proteasome  activity  from 
73%  to  53%  of  baseline  levels  at  3  h  after  irradiation.  Higher 
radiation  doses  of  4,  8,  or  20  Gy  did  not  increase  the  extent 
of  inhibition  (Fig.  lA).  Inhibition  was  observed  as  early  as 
30  min  after  irradiation  and  had  not  completely  recovered 
by  24  h  (data  not  shown). 

The  possible  contribution  of  heat-shock  protein  90 
(hsp90)  to  the  inhibitory  effect,  which  has  been  described 
as  a  preformed  endogenous  inhibitor  of  proteasome  func¬ 
tion  [46],  was  also  investigated.  Binding  of  hsp90  to  any  of 
its  dimerization  partners  can  be  selectively  disrupted  by  the 
benzoquinone  ansamycin  geldanamycin  [24].  Preincuba¬ 
tion  of  ECV  304  cells  with  geldanamycin  increased  protea¬ 
some  activity,  in  keeping  with  it  blocking  hsp90  activity, 
but  it  failed  to  prevent  radiation-induced  proteasome  inhi¬ 
bition  when  compared  to  non-irradiated  geldanamycin- 
treated  controls,  excluding  the  possibility  of  radiation- 
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Fig.  1.  (A)  26s  proteasome  function  assay  for  chymotrypsin-like  proteolytic  activity  in  crude  lysates  of  ECV  304  cells.  3  h  after  application  of  different  dose  of 
ionizing  irradiation  (n  =  4,  means  ±  standard  deviation).  Low  dose  ionizing  radiation  (0.17-2  Gy)  caused  a  significant  reduction  of  26s  proteasome  cleavage 
activity  (2  Gy:  52.919c  ±  4.3  of  untreated  control  cells.  P  <  0.001,  Student’s  f-test).  Application  of  higher  doses  (4-20  Gy)  could  not  further  enhance  this 
effect.  (B)  Chymotrypsin-like  26s  proteasome  activity  in  crude  lysates  of  ECV  304  cells,  3  h  after  irradiation  (/i  -  4,  means  ±  standard  deviation).  Application 
of  2Gy  ionizing  radiation  significantly  reduced  the  proteolytic  activity  of  the  complex  (65.4%  ±  6.7,  P  <  0.001,  Student’s  f-test)  when  compared  to  sham 
irradiated  controls.  Inactivation  of  hsp90  by  pretreatment  of  cells  (30  min  before  irradiation)  with  geldanamycin  (10  piM)  increased  the  baseline  cleavage  rate 
1.4  fold  (142.3%  ±  4.4.  P  <  0.001,  Student’s  f-test,  compared  to  DMSO  treated  controls),  but  failed  to  prevent  radiation  induced  proteasome  inhibition.  (C) 
26s  and  20s  proteasome  activity  in  purified  proteasome  preparations  from  ECV  304  cells.  The  purified  complex  was  irradiated  on  ice.  The  baseline  activity  of 
the  26s  proteasome  complex  was  about  6-fold  higher  than  the  activity  of  the  20s  proteasome  complex.  Application  of  0.5,  2  and  20  Gy  immediately  and 
significantly  inhibited  26s  and  20s  proteasome  activity  when  compared  to  sham  irradiated  control  preparations  (upper  graph,  26s  proteasome  activity:  0.5  Gy: 
75.8%  i  1.1,  P  <  O.OI:  2  Gy:  68.3%  ±  2.5,  P  <  0.01;  20  Gy:  73.4%  ±  5.1,  P  <  0.05,  Student’s  f-test.  Low’er  graph,  20s  proteasome  activity:  0.5  Gy: 
llA9c  ±  0.9,  F  <  0.01;  2  Gy:  79.3%  ±  2.7,  P  <  0.01;  20  Gy:  80.2%  ±2.2,  P  <  0.01,  Student’s  f-test  (n  =  2,  means  ±  standard  deviation). 


induced  liberation  of  this  inhibitor  from  intracellular  bind¬ 
ing  partners  as  a  mechanism  of  inhibition  (Fig.  IB). 

The  contribution  of  cytoplasmic  components  to  the  inhi¬ 
bitory  effect  was  further  excluded  by  showing  that  irradia¬ 
tion  of  purified  26s  proteasome  complexes  from  ECV  304 
cells  on  ice  directly  inhibited  their  activity.  Application  of 


0.5  to  20  Gy  caused  a  highly  significant  reduction  of  both 
26s  and  20s  chymotrypsin-like  proteasome  activity  (Fig. 
1C;  2  Gy,  26s:  68.3  ±  2.5%;  20s:  79.3  ±  2.7%).  The 
pelleted  complexes  that  were  used  in  these  experiments 
contained  practically  all  of  the  cellular  chymotrypsin-like 
cleavage  activity,  and  activity  could  be  inhibited  by  the 
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specific  proteasome  inhibitor  PS-341  [1]  at  a  concentration 
of  5  |jlM.  It  seems  therefore  that  the  effect  of  radiation  on  the 
proteasome  is  direct. 

In  order  to  show  that  this  effect  is  not  restricted  to  human 
ECV  cells,  we  extended  our  experiments  to  murine  RAW 
264.7  macrophages.  RAW  264.7  were  irradiated  with  0.5 
and  2  Gy  and  incubated  for  3  h  at  3TC.  Control  cells  were 
sham-irradiated.  Chymotryptic  20s  and  26s  proteasome 
activity  was  monitored  in  subsequently  prepared  lysates  at 
different  substrate  concentrations  (25,  50,  100  and  200  [xM 
SucLLVY-AMC).  20s  as  well  as  26s  proteasome  activity 
was  reduced  in  a  dose-dependent  manner  (Fig  ID/F;  20s: 
0.5  Gy  81.5  ±1.7%,  2  Gy  69.1  ±2.6%;  26s:  0.5  Gy 
86.5  ±  17.3%,  2  Gy  63.5  ±  1.9%,  200  |xM  SucLLVY- 
MCA). 

5,2.  Ionizing  radiation  stabilizes  target  molecules  of  the  26s 
proteasome 

Activation  of  NF-kB  in  response  to  a  variety  of  stimuli  is 
generally  characterized  by  disappearance  of  IkB  as  a  result 
of  its  phosphorylation  and  subsequent  proteasome-mediated 
degradation.  Proteasome  inhibitors  can  attenuate  NF-kB 
induction  by  blocking  this  degradative  pathway  [26],  The 
observed  radiation-induced  inhibition  of  proteasome  func¬ 
tion  by  radiation  is  at  odds  with  radiation-induced  NF-kB 
activation.  We  therefore  considered  the  possibility  that 
radiation  has  both  inhibitory  and  enhancing  effects  on  NF- 
kB  activation,  that  multiple  mechanisms  operate,  and  that 
the  outcome  depends  on  radiation  dose. 

To  investigate  the  relationship  between  radiation-induced 
inhibition  of  proteasome  function  and  expression  of  IkBq, 
immunoblotting  studies  were  performed  using  a  polyclonal 
antibody  against  IkBo  with  total  cellular  extracts  of  ECV 
304.  iKBa  expression  was  increased  30  min  after  irradiation 
with  the  lowest  doses  (0.25-0.5  Gy),  in  keeping  with  an 
effect  of  proteasome  inhibition  (Fig.  2),  but  was  essentially 
not  altered  after  higher  doses. 

5.5.  Radiation-induced  NF-kB  activity 

To  examine  NF-kB  activity,  a  gel  shift  assay  was  used  3  h 
after  various  radiation  doses.  Analysis  of  eight  independent 
gel-shift  experiments  showed  no  significant  change  in  NF- 
kB  DNA-binding  activity  after  0.25  Gy  (1.02-fold  ±  0.06) 
or  0.5  Gy  (1.03-fold  ±  0.03).  Irradiation  with  1,  1.5,  2  and  4 
Gy  caused  a  slight  consistent,  but  not  significant,  elevation 
in  NF-kB  activity.  Significant  increases  were  achieved  only 
after  application  of  8  Gy  (1.24-fold  ±  0.03,  P  <  0.01, 
Student's  r-test)  or  20  Gy  (1.3-fold  ±  0.05,  P  <  0.001, 
Student’s  /-test)  (Fig.  3A,B). 

These  experiments  with  ECV  304  cells  dealt  with  consti¬ 
tutive  NF-kB  DNA-binding  activity,  rather  than  with  an 
induced  inflammatory  response.  In  order  to  investigate 
this  aspect  of  the  effect  of  ionizing  radiation  on  inflamma¬ 
tory  responses,  we  activated  NF-kB  in  RAW  264.7  macro¬ 
phages  using  LPS  and  IFN-ot.  Gel-shifts  from  total  cellular 


lysates  prepared  3  h  after  irradiation  revealed  a  dose  depen¬ 
dent  decrease  in  NF-kB  DNA-binding  activity  (Fig.  3C), 
showing  that  radiation  could  suppress,  as  well  as  activate, 
NF-kB  activity. 

The  dependence  of  NF-kB  activation  by  radiation  on 
proteasome  activity  and  IkB  turnover  has  been  questioned 
[39],  largely  because  of  observations  that  iKBa  expression 
does  not  decrease  in  the  same  manner  as  it  does  in  response 
to  TNF  stimulation  [32].  At  least  in  ECV  304,  NF-kB  acti¬ 
vation  still  appears  to  depend  on  this  pathway,  although  the 
kinetics  of  IkB  turnover  may  be  altered.  Expression  of  the 
‘super  repressor’  iKBa  mutant,  which  contains  alanines  at 
positions  32  and  36,  prevented  constitutive  and  radiation- 
induced  activation  of  NF-kB  (Fig.  4 A),  as  did  treatment 
with  MG- 132  (Fig.  4B)  at  doses  that  inhibited  proteasome 
activity  completely  [36].  Transduction  with  the  P-galacto- 
sidase  gene  did  not  decrease,  and  in  fact  increased,  NF-kB 
activity,  in  keeping  with  the  pro-inflammatory  nature  of  the 
adenoviral  vector,  and  NF-kB  activity  was  still  inducible  by 
irradiation  (Fig.  4A). 


4.  Discussion 

Knowledge  about  molecular  mechanisms  activated  after 
application  of  ionizing  radiation  is  a  key  to  understanding 
early  and  late  side  effects  of  radiation  therapy.  Also,  identi¬ 
fication  of  the  sub-cellular  targets  of  ionizing  radiation 
might  uncover  new  approaches  to  improve  treatment 
outcome  and  to  minimize  toxicity. 

Certain  aspects  of  the  molecular  response  to  ionizing 
radiation  can  appear  paradoxical.  On  one  hand,  signal  trans¬ 
duction  pathways  leading  to  production  of  pro-inflamma¬ 
tory  cytokines  and  cell  adhesion  molecules  can  be  rapidly 
activated  [19].  A  major  player  in  this  response  is  the  tran¬ 
scription  factor  NF-kB  [26]  (reviewed  in  [29]).  One  the 
other  hand,  ionizing  radiation  has  anti-inflammatory  and 
immunosuppressive  effects  in  certain  situations  and  the 
use  of  ionizing  radiation  in  the  treatment  of  benign  inflam¬ 
matory  as  well  as  benign  hyperproliferative  conditions  is 
almost  as  old  as  the  knowledge  about  radiation  itself  [48]. 

At  present  there  are  about  150  stimuli  known  to  activate 
the  NF-kB,  including  ionizing  radiation,  TNFa,  and  LPS, 
each  causing  transcriptional  activation  of  about  the  same 
number  of  NF-kB  dependent  genes  (reviewed  in  [34]). 
The  exact  mechanism  of  how  radiation  activates  NF-kB  is 
not  known,  but  the  initial  steps  are  redox  sensitive  (reviewed 
in  [42]).  The  classic  mechanism  of  serine  phosphorylation 
and  degradation  of  IkB  through  the  ubiquitin  proteasome 
system  [26]  may  be  involved,  although  alternative  pathways 
have  been  reported  [39].  Some  of  the  more  paradoxical 
effects  of  radiation  could  be  explained  by  multiple  mechan¬ 
isms  operating  at  different  dose  levels  to  give  what  are 
essentially  non-linear  responses.  Furthermore,  many  radia¬ 
tion-induced  immediate  early  gene  effects  could  be 
explained  by  alterations  in  proteasome  processing. 
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Fig.  2.  (A.B)  Western  blot  analysis  of  total  cellular  lysates  from  ECV  304  cells  30  min  after  irradiation  using  a  polyclonal  antibody  against  iKBa.  Equity  of 
loading  was  confirmed  by  coomassie  staining.  Application  of  0,25  Gy  significantly  increased  IkBo  protein  levels  (I73.29t  ±  6.2,  P  <  0.05.  Student’s  /-test) 
while  higher  doses  did  not  cause  significant  changes  (n  =  2,  means  ±  standard  deviation). 


We  have  demonstrated  that  the  proteolytic  activity  of  the 
20s  and  26s  proteasome  was  directly  compromised  by  ioniz¬ 
ing  radiation  and  that  this  inhibitory  effect  was  not  species- 
or  cell-type-dependent.  The  observed  effect  was  immediate 
and  lasted  for  at  least  24  h.  After  low  dose  (<2  Gy)  irradia¬ 
tion  of  ceils,  26s  proteasome  function  declined  to  about  60% 
of  baseline  levels.  Higher  doses  did  not  further  decrease  the 
activity.  This  inhibitory  effect  was  also  observed  when  puri¬ 
fied  proteasome  preparations  were  irradiated  on  ice,  indicat¬ 
ing  the  involvement  of  a  radiochemical  rather  than  a 
biological  mechanism.  Reinheckel  et  al.  [40]  have  reported 
that  proteasome  activity  is  sensitive  to  oxidative  damage 
following  direct  addition  of  hydrogen  peroxide.  About 
60%  inhibition  was  achieved  with  concentrations  of  hydro¬ 
gen  peroxide  up  to  I  mM.  Higher  hydrogen  peroxide 


concentrations  did  not  lead  to  a  further  significant  decrease 
of  proteolytic  activity.  This  suggests  that  the  proteasome  is 
sensitive  to  redox  changes.  Our  finding  that  proteasome 
activity  is  inhibited  by  low  concentrations  of  /V-acetyl- 
cysteine  (Pajonk,  unpublished)  is  consistent  with  this 
view.  The  finding  that  radiation  affected  both  26s  and  20s 
proteasome  activity,  suggests  that  ionizing  radiation  inhibits 
the  catalytic  sites  in  the  20s  core  complex,  though  effects  on 
the  regulatory  cap  molecules  can  not  be  excluded.  It  is  also 
possible  that  within  the  cell  additional  mechanisms  play  a 
role,  although  our  experiments  tend  to  exclude  participation 
of  the  known  endogenous  inhibitor  hsp90. 

In  ECV  304  cells,  expression  of  iKBa,  the  most  important 
member  of  the  IkB  molecular  family,  was  enhanced  after 
application  of  low  doses  of  radiation  that  blocked  protea- 
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Fi2. 3.  (A)  Representative  gel-shift  experiment  and  densometric  analysis  (B)  of  NF-kB  DNA-binding  activity  in  lysates  from  ECV  304  cells  3  h  after  irradiation 
(means  ±  standard  deviation  from  eight  independent  experiments).  Lane  1 :  negative  control:  the  unlabeled  oligonucleotide  was  added  50-fold  e.xcess  to  show 
specificity  of  binding.  Lane  2:  untreated  control  cells.  Lane  3  to  10:  NF-kB  activity  after  application  of  0.25-20  Gy  ionizing  radiation.  NF-kB  DNA-binding 
activitv  in  response  to  ionizing  radiation  is  retarded  and  increases  over  baseline  levels  only  after  application  of  8  and  20  Gy.  (C)  Representative  gel-shift 
experiment  of  NF-kB  DNA-binding  activity  in  lysates  from  RAW  264.7  murine  macrophages  3  h  after  irradiation.  Cells  have  been  pre-stimulated  using  LPS- 
and  IFN-y-suppIemented  media  for  6  h.  Lane  1:  negative  control;  the  unlabeled  oligonucleotide  was  added  50-fold  excess  to  show  specificity  of  binding.  Lane 
2-7:  NF-k(3  activity  after  application  of  0  (lane  2).  0.25  (lane  3),  0.5  (lane  4),  1  (lane  5),  1.5  (lane  6)  and  2  Gy  (lane  7)  of  ionizing  radiation. 
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some  activity  and  was  not  decreased  after  higher  doses,  even 
though  they  caused  NF-kB  activation.  Inhibition  of  protea- 
some  activity  may  explain  the  failure  of  others  to  demon¬ 
strate  decreases  in  iKBa  levels  after  irradiation  [39]. 

Radiation  doses  up  to  4  Gy  failed  to  significantly  alter 
constitutive  NF-kB  DNA-binding  activity  in  ECV  cells  and 
decreased  activity  in  stimulated  RAW  macrophages,  in 
keeping  with  a  low  dose  inhibitory  effect.  A  number  of 
studies  have  shown  that  radiation  activates  NF-kB  in  a  fash¬ 
ion  that  is  non-linear  with  dose  [17,26,31,38,39],  as  is  the 
case  in  our  study.  Previous  reports  showed  NF-kB  activa¬ 
tion  to  be  maximal  at  0.5  Gy  in  EBV- transformed  244B 


MG-132 

0  20  0  20 


Fig.  4.  (A)  Representative  gel-shift  experiment  with  lysates  of  ECV  304 
cells.  Cells  were  transduced  with  an  adeno-viral  vector  containing  either  a 
gene  for  B-galactosidase  (Ad5-LacZ)  or  a  gene  for  an  IkB  superrepressor 
(Ad5-lKB).  The  IkB  superrepressor  has  serine-to-alanine  mutations  at  posi¬ 
tion  32  and  36  and  is  thus  unphosphorable  by  IkB  kinases.  48  h  after 
transduction  the  cell  were  treated  with  20  Gy  ionizing  radiation  and  incu¬ 
bated  for  additional  3  h.  Constitutive  and  radiation  induced  activation  of 
NF-kB  was  blocked  by  the  expression  of  the  IkB  superrepressor  but  not  by 
the  B-galactosidase  gene.  Additionally,  transduction  with  the  Ad5-LacZ 
caused  an  increase  in  constitutive  NF-kB  activity.  Lane  1:  untreated  control 
cells.  Lane  2:  negative  control:  the  unlabeled  oligonucleotide  was  added  in 
50-fold  excess  to  show  specificity  of  binding.  Lane  3:  non-transduced  cells 
after  20  Gy.  Lane  4  and  5:  cells  transduced  with  Ad5-LacZ  after  0  and  20 
Gy.  Lane  6  and  7:  cells  transduced  with  AdS-kB  after  0  and  20  Gy,  (B) 
Gel-shift  experiment  for  NF-kB  in  ECV  304  cells  3  h  after  application  of 
ionizing  irradiation  with  and  without  preincubation  with  the  proteasome 
inhibitor  MG- 132  (50  p.M.  3  h).  Proteasome  inhibition  prevents  constitu¬ 
tive  and  radiation  induced  activation  of  NF-kB.  Lane  1:  negative  control; 
the  unlabeled  oligonucleotide  was  added  50-fold  excess  to  show  specificity 
of  binding.  Lane  2  and  3:  NF-kB  activity  in  ECV  304  cells  3  h  after 
irradiation  with  0  Gy  (2)  or  20  Gy  (3).  Lane  4  and  5:  NF-kB  DNA-binding 
activity  in  ECV  304  cell  3  h  after  irradiation  with  0  Gy  (4)  or  20  Gy  (5)  and 
preincubation  with  the  protea.some  inhibitor  MG- 1 32. 


human  lymphoblastoid  cells  [31,38],  while  primary  human 
B  cells  show  a  strong  activation  of  NF-kB  at  15  Gy  [49]. 

NF-kB  activation  following  ionizing  radiation  and  other 
stimuli  generally  requires  degradation  of  kBa  as  an  obli¬ 
gatory  step  [23,26].  NF-kB  activation  without  degradation 
of  kBa  has  been  reported  for  UV  radiation  [6,26]  and 
anoxia  [21],  and  in  a  recent  study  following  exposure  of 
brain  cells  to  ionizing  radiation  [39].  The  latter  study 
suggested  tyrosine-phosphorylation  of  kB  as  a  mechanism, 
although  this  was  not  demonstrated  directly  and  the  effects 
of  erbstatin  could  have  been  on  proteins  upstream  of  kB  as 
has  been  described  for  NF-kB  activation  after  TNFa  treat¬ 
ment  [32].  In  our  smdy,  classic  processing  of  serine  phos- 
phorylated  kB  through  the  proteasome  following 
irradiation  seems  to  be  responsible  for  NF-kB  activation. 
NF-kB  activation  was  blocked  by  addition  of  the  protea¬ 
some  inhibitor  MG- 132,  as  Hallahan  et  al.  [17]  also 
reported.  In  addition,  the  kB  super-repressor  gene,  which 
contains  serine-to-alanine  mutations  at  position  32  and  36, 
preventing  its  serine-phosphorylation  by  kB-kinases  and 
subsequent  degradation  by  the  26s  proteasome,  blocked 
constitutive  and  radiation-induced  NF-kB.  Transduction 
with  the  vector  carrying  the  gene  for  (3-galactosidase  actu¬ 
ally  activated  NF-kB  in  ECV  304  cells.  This  activation 
could  be  the  result  of  an  ER-overload  response  [33,35]  or 
a  direct  pro-infiammatory  effect  of  the  vector  as  described 
previously  [10]. 

Although  the  classic  pathway  of  NF-kB  activation 
appeared  to  operate,  like  Raju  et  al.  [39],  we  did  not  find 
a  decrease  in  kBa  after  ionizing  radiation.  A  possible 
explanation  is  that  the  increased  rate  of  degradation  after 
phosphorylation  was  offset  by  inhibition  of  the  rate  of 
proteasome  degradation,  resulting  in  little  change  in  expres¬ 
sion.  Thus,  the  dose  dependency 'of  the  response  is  most 
likely  determined  at  the  level  of  phosphorylation  and  the 
outcome  is  impacted  at  all  doses  by  inhibition  of  the  rate 
of  degradation  and  alteration  in  the  kinetics  of  kBa  turn¬ 
over.  Further  studies  are  needed  to  determine  if  this  is  the 
case. 

Maximal  proteasome  inhibition  by  radiation  in  this  study 
was  achieved  even  with  low  doses  such  as  have  been  used  in 
the  treatment  of  benign  disorders.  Furthermore,  our  findings 
might  provide  a  theoretical  basis  for  empirically  established 
daily  fractions  of  1.8-2  Gy  in  the  treatment  of  malignant 
disorders,  resulting  in  maximal  therapeutic  benefit  with 
minimized  acute  reactions.  It  is  intriguing  to  note  that,  in 
addition  to  NF-kB,  expression  of  p53,  p2L  p27,  pRb,  and 
several  cyclins  is  regulated  by  proteasomal  degradation 
[41].  The  inhibitory  effect  of  ionizing  radiation  on  protea¬ 
some  activity  therefore  should  be  taken  into  account  when 
considering  many  of  the  radiation  induced  molecular 
changes,  including  those  leading  to  cell  cycle  arrest.  Also, 
since  the  proteasome  is  responsible  for  much  of  the  proces¬ 
sing  of  antigen  for  presentation  by  MIHC-I  molecules 
(reviewed  in  [5,13]),  part  of  the  immunosuppressive  effects 
of  radiation  could  be  mediated  by  through  this  pathway. 
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Ionizing  radiation  shares  with  proinflammatory  cytokines  a 
pathway  that  involves  reactive  oxygen  species  and  activation  of 
the  redox-sensitive  nuclear  transcription  factor  NF-kB,  which 
leads  to  expression  of  inflammatory  and  cell  survival  pro¬ 
grams.  NF-kB  activation  normally  requires  phosphorylation  of 
its  inhibitor  IkB  and  the  inhibitor’s  subsequent  degradation  by 
the  proteasome.  Nonlinear  dose-response  curves  have  been 
reported  for  both  radiation-induced  cytokines  and  NF-kB  and 
IkB  expression  with  maximum  exposures  of  less  than  2  Gy  and 
greater  than  4  Gy,  respectively.  Radiation-inhibited  protea¬ 
somes  function  over  a  wide  dose  range,  suggesting  that  the 
proteasome  is  a  redox-sensitive  target  for  radiation  that  may 
function  along  with  transcription  to  cause  nonlinear  dose- 
response  relationships  for  early  expression  of  many  mole¬ 
cules,  including  NF-kB  and  cytokines.  These  pathways  are 
relevant  to  low-dose  radiation  effects,  adaptive  responses,  and 
carcinogenesis. 

Introduction 

Numerous  reports  indicate  that  radiation  alters  gene  expres¬ 
sion.^  Few  studies  have  examined  responses  systematically 
over  a  wide  dose  range,  but  there  is  evidence  that  certain  re¬ 
sponses  can  be  elicited  by  doses  of  less  than  1  Gy,  whereas 
others  require  higher  doses.^-^  The  spectrum  of  radiation-in¬ 
duced  genes  can  be  viewed  within  the  functional  context  in 
which  they  might  operate.^  Thus,  molecules  that  act  as  imme¬ 
diate  early  gene  products  or  that  signal  cell  cycle  arrest  or 
apoptosis  are  commonly  induced.  In  addition,  cytokines  and  cell 
adhesion  molecules  are  expressed  that  serve  to  generate  inflam¬ 
mation,  tissue  repair,  and  recovery— in  other  words,  a  wound¬ 
healing  response.  Associated  functions  of  these  molecules  may 
include  priming  surrounding  cells  for  adaptive  survival  re¬ 
sponses,  inducing  genomic  instability,  and  mediating  radiation 
injury. 

Ionizing  radiation  displays  an  interesting  homology  with  cer¬ 
tain  cytokines  and  stress  signals  that  has  its  roots  in  their 
common  use  of  reactive  oxygen  species  (ROS),  which  most  likely 
accounts  for  the  cross-talk  between  these  signals.  Two  possible 
but  diametrically  opposed  outcomes  of  ROS-mediated  pathways 
are  (1)  induction  of  apoptosis  and  (2)  development  of  resistance 
to  further  ROS  effects.  The  outcome  depends  on  the  molecular 
wiring  intrinsic  to  the  cell,  the  magnitude  of  the  signal,  and 
other  variables. 

Integral  to  cellular  ROS  responses  is  NF-kB.  NF-kB  is  a  het- 
ero-  or  homodimer  of  the  subunits  p50,  p52,  p65/RelA,  c-Rel, 
and  Rel-B.  It  is  sequestered  in  the  cytosol  by  inhibitor  molecules 
of  the  IkB  family  (kBa,  IkBj3,  kBy,  Bcl-3,  plOO.  and  plOSj.^The 
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classic  pathway  for  activation  of  NF-kB  is  by  phosphorylation  of 
the  inhibitor  hBa  by  kB  kinases,  which  marks  kBa  for  polyu- 
biquitination  and  subsequent  degradation  by  the  26S  protea¬ 
some.  The  pathway  has  been  reported  to  protect  cells  from 
apoptotic  death,®-^  but  in  some  situations  it  is  associated  with 
apoptosis.®  NF-kB  activation  has  been  reported  after  irradiation 
of  human  lymphoblastoid  cells  at  doses  as  low  as  0.25  to  2.0  Gy; 
the  maximum  is  after  50  cGy®  and  ROS  have  been  implicated, 

Further  research  is  needed  to  determine  what  the  target  is  for 
these  low-dose  radiation  effects,  how  it  differs  from  the  target  at 
higher  doses,  and  how  it  relates  to  induction  of  pro-inflamma¬ 
tory  cjftokines  and  stress  molecules.  In  this  paper  we  propose 
the  proteasome  as  a  target  for  radiation  that  is  particularly 
important  in  the  low-dose  range.  The  proteasome  is  responsible 
for  degradation  of  short-lived  regulatoiy  molecules  in  the  cell, 
including  kB,  p21,  AP-1,  p53,  and  cyclins.^^  Many  radiation- 
induced  molecules  are  targeted  for  degradation  through  this 
mechanism,  and  inhibition  of  proteasome  function  could  lead  to 
their  up-regulation.  Working  in  concert  with  transcription,  this 
mechanism  could  result  in  nonlinear  dose-response  curves  for 
radiation-induced  molecular  expression. 

Experimental  Design  and  Results 

In  C3H/HeN  mice,  lung  irradiation  induced  tumor  necrosis 
factor-a,  interleukin  (IL)  la,  IL-lj8,  and  IL-6  mRNA  expression, 
as  assessed  by  an  RNase  protection  assay  (Fig.  1).  IL-2,  IL-3, 
IL-4,  IL-5,  and  interferon-y  levels  were  barely  detectable.  The 
responses  were  dose  and  time  dependent.  The  dose  response 
was  nonlinear  with  both  lower  and  higher  doses  being  more 
effective  than  clinically  relevant  2  Gy  doses.  Responses  sub¬ 
sided  within  24  hours. 

Nonlinear  dose-  and  time-dependent  responses  were  also 
seen  for  NF-kB  after  irradiation  of  ECV304  cells  (F.  Pajonk  and 
W.H.  McBride,  unpublished  data).  At  3  hours  after  irradiation, 
gel  shift  analyses  showed  activation  of  NF-kB  after  doses  of  1  to 
20  Gy  with  a  sharp  increase  above  4  Gy.  kBa  levels,  measured 
by  Western  blot  30  minutes  after  irradiation,  were  elevated  in 
the  low-dose  range  of  25  to  50  cGy,  around  2  Gy,  and  after  high 
doses.  Because  early  NF-kB  activation  does  not  require  protein 
synthesis,®  nontranscriptional  mechanisms  must  be  affected  by 
irradiation.  To  test  proteasome  involvement,  we  measured  ac¬ 
tivity  in  extracts  of  irradiated  cells  using  a  fluorogenic  substrate 
specific  for  chymotiypsin-like  activity.  ^2  jj^e  results  showed  that 
cellular  irradiation  decreased  26S  proteasome  activity  even 
when  the  radiation  doses  were  in  the  low  range  of  25  to  60  cGv 
(Fig.  2). 


Discussion 

Radiation  therapy  was  once  used  more  for  the  treatment  of 
nonmalignant  disease  than  for  cancer  treatment.^®  Relatively 
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o  1  hr  6  hr 

Dose  2  0  0  1  2  4  8  12  20  |  0  0  1  2  4  8  12  20  (Gy) 


cytokines,  with  a  minimum  of  approximately  2  Gy.  This  dose 
may  have  been  chosen  for  clinic^  use  in  part  because  of  its 
relatively  low  proinflammatory  potential.  Both  lower  and  higher 
doses  were  better  able  to  stimulate  these  pathways. 

The  mechanisms  underlying  nonlinear  radiation  dose  re¬ 
sponses  are  complex.  Gene  expression  is  controlled  at  several 
different  levels.  In  addition  to  transcriptional  activation,  mRNA 
and  protein  stability  are  under  regulatory  control.  Many,  if  not 
all,  of  the  short-lived  regulatory  proteins  induced  by  radiation 
are  degraded  through  the  proteasome  pathway. 

Conclusion 

In  this  study,  we  report  that  radiation,  even  at  doses  as  low  as 
50  cGy,  slows  the  rate  of  degradation  of  fluorogenic  peptides  by 
proteasome-rich  extracts.  This  suggests  that  the  proteasome 
itself  is  a  redox-sensitive  target  for  radiation.  The  relative  con¬ 
tributions  of  post-transcriptional  and  transcriptional  control 
mechanisms  may  vaiy  at  different  dose  levels,  which  may  ex¬ 
plain  the  nonlinear  dose-  and  time-response  curve  that  is  seen 
for  some  radiation-induced  pathways.  The  findings  also  suggest 
that  the  proteasome  might  be  a  novel  target  for  modification  of 
radiation  responses. 


C3H 

Fig.  1.  Effect  of  lung  irradiation  on  C3rtokine  expression  measured  by  RNase 
protection  assay. 


Fig.  2.  Inhibition  of  proteasome  activity  3  hours  after  irradiation  as  measured  by 
cleavage  of  a  fluorogenic  substrate  specific  for  chymotrypsindike  activity. 

low  radiation  doses  were  frequently  used  to  treat  a  variety  of 
inflammatory  and  hyperproliferative  conditions.  This  putative 
anti-inflammatory  response  contrasts  with  the  proinflammatory 
response  observed  after  higher  radiation  doses.  The  data  pre¬ 
sented  here  and  by  others^- demonstrate  a  nonlinear  dose- 
response  curve  for  induction  of  NF-kB  and  proinflammatoiy 
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Molecular  Pathways  That  Modify  Tumor  Radiation 
Response 

Milena  Pervan,  b.s.,  Frank  Pajonk,  m.d.,  Ph.D.,  Ji-Rong  Sun,  m.d.,  H.  Rodney  Withers,  m.d.,  d.Sc., 
and  William  H.  McBride,  d.Sc. 


Aberrant  expression  of  signal  transduction  molecules  in  pathways 
controlling  cell  survival,  proliferation,  death,  or  differentiation  are 
a  common  feature  of  all  tumors.  The  identification  of  the  mole¬ 
cules  that  are  involved  allows  the  development  of  novel  tumor- 
specific  strategies.  Not  surprisingly,  targeting  these  pathways  of¬ 
ten  also  results  in  radiosensitization.  The  efficacy  of  such  directed 
therapies  may,  however,  be  limited  by  the  heterogeneity  and  the 
multiple  mutations  that  are  associated  with  the  cancerous  state.  A 
more  robust  alternative  may  be  to  target  global  mechanisms  of 
cellular  control.  The  ubiquitin/proteasome  degradation  pathway  is 
one  candidate  for  such  therapeutic  intervention.  This  pathway  is 
the  main  pbsttranscripdonal  mechanism  that  controls  levels  of 
many  short-lived  proteins  involved  in  regulation  of  cell  cycle 
progression,  DNA  transcription,  DNA  repair,  and  apoptosis.  Many 
of  these  proteins  are  involved  in  various  malignancies  and/or 
radiadon  responses.  In  recent  years,  proteasome  inhibitors  have 
gained  interest  as  a  promising  new  group  of  andtumor  drugs. 
PS-341,  a  reversible  inhibitor  of  proteasome  chymotrypdc  acdv- 
ity,  is  currently  being  tested  in  phase  I  clinical  trials.  In  this  study, 
we  show  that  proteasome  inhibidon  by  PS-341  can  alter  cellular 
radiosensidvity  in  vitro  and  in  vivo,  in  addition  to  having  direct 
andtumor  effects. 

Key  Words:  Signal  transduction  pathways — Radiation  re¬ 
sponse — Radiosensitization — Proteasome— PS -34 1 . 


In  recent  years,  numerous  studies  have  demonstrated  that 
the  cellular  response  to  irradiation  can  be  modified  by 
intracellular  or  extracellular  manipulation  of  signal  trans¬ 
duction  pathways.*"^  Those  studies  dealing  with  the  effects 
of  cytokines/growth  factors,  cell- cell  contact,  and  extracel¬ 
lular  matrix  interactions  often  reflect  classic  radiobiologic 
experiments  demonstrating  repair  of  potentially  lethal  dam¬ 
age.  The  primary  role  of  these  extracellular  signals  in 
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organized  tissues  is  to  act  in  concert  with  the  programmed 
expression  of  specific  receptors  to  define  a  sense  of  position 
and  to  control  cell  proliferation  and  differentiation  under 
physiologic  and  damage  conditions.  Misposidoning  of  a 
cell  leads  to  homelessness  (or  “anoikesis*’)  and  a  tendency 
toward  death  by  “neglect”  because  of  a  lack  of  appropriate 
signals.  It  also  tends  to  result  in  a  state  of  relative  radiosen¬ 
sitivity. In  vivo,  this  can  be  seen  in  a  frequent  coincidence 
of  the  spatial  distribution  of  apoptotic  cells  after  tissue 
irradiation  with  areas  of  active  proliferation.^  Indeed  radio- 
responsiveness  in  general  is  likely  to  be  spatially  dependent 
and  governed  by  both  the  signal  transduction  pathways 
preexisting  in  a  cell  before  iiradiation,  and  those  activated 
by  irradiation. 

The  difference  between  tumors  and  normal  tissues  is 
that  the  former  have  mutated  genes  that  affect  the  sig¬ 
naling  pathways  that  control  cell  proliferation,  differen¬ 
tiation,  or  death.  These  mutations  allow  them  to  circum¬ 
vent  positional  control  mechanisms  and  survive  in  a  state 
of  relative  positional  independence.  Signal  transduction 
pathways  become  reequilibrated,  and  the  cells  become 
addicted  to  specific  pathways  for  survival.  The  therapeu¬ 
tic  advantage  is  that  tumor  cells  are  very  sensitive  to 
blockade  of  these  pathways  and  they  may  sen.*e  as  an 
“Achilles  heel”  for  that  cancer.  Identification  and  char¬ 
acterization  of  these  pathways  in  individual  cancers  is 
therefore  very  important  for  selection  of  an  appropriate 
specific  therapy.  New  gene  discovery  techniques  will  be 
extremely  useful  in  this  regard.  Already  a  number  of 
molecular  cell  pathways  that  are  mutated  in  cancer  and 
that  appear  to  determine  survival  or  death  after  irradia¬ 
tion  have  been  identified,  and  various  agents,  primarily 
designed  as  sole  therapies,  have  been  devised  that  also 
serve  to  radiosensitize.*^  Although  optimism  for  path¬ 
way-specific  therapies  for  cancer  is  high,  it  should  be 
noted  that:  (1)  overexpression  of  a  known  survival  factor 
does  not  necessarily  indicate  its  involvement  in  an  ad¬ 
dictive  pathway  or  characterize  a  radioresistant  tumor; 

(2)  the  pathways  are,  to  an  extent,  cell  type-specific;  and 

(3)  there  is  much  yet  to  be  learned  about  the  apparently 
intimate  relationship  between  proliferative/growih  arrest 
and  survival/death  pathways  and  radiosensitization. 

Because  cancers  acquire  multiple  mutations  and  de¬ 
velop  heterogeneity  that  might  prevent  a  complete  cure  if 
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FIG.  1.  Ubiquitin/proteasome  degradation  pathway.  Ubiquitin  is  a  76-resldue  protein  that 
can  be  attached  by  an  isopeptide  bond  between  the  e-amino  group  of  lysine  on  the  target 
and  the  C-terminai  glycine  of  ubiquitin  by  a  series  of  activating  {E1),  conjugating  (E3),  and 
ligating  (E3)  enzymes  or  adaptor  molecules.  The  polyubiquitinated  product  then  becomes 
the  target  for  26S  proteasome  degradation  with  recycling  of  ubiquitin  by  isopeptidases. 


single  molecules  were  targeted  as  a  sole  therapy,  com¬ 
bination  of  these  biologic  approaches  with  cytotoxic 
therapies,  such  as  radiotherapy,  would  seem  desirable,  in 
particular,  because  radio-  and  chemosensitization  is  a 
frequent  consequence  of  treatment.  In  addition,  targeting 
‘‘downstream'*  nodal  points  at  which  multiple  pathways 
converge  may  be  a  better  therapeutic  strategy  than  tar¬ 
geting  a  single  gene,  a  single  protein,  or  a  single  afferent 
molecular  pathway. 

One  potential  new  target  for  cancer  therapy  that  has 
recently  emerged  is  the  ubiquitin/proteasome  system 
(Fig.  1).  This  pathway  is  the  main  posttranscriptional 
mechanism  that  simultaneously  controls  levels  of  many 
short-lived  proteins  involved  in  regulation  of  cell  cycle 
progression,  DNA  transcription,  DNA  repair,  apoptosis, 
angiogenesis,  inflammation,  immunity,  and  cell  growth. 
Some  of  the  proteins  regulated  by  proteasomal  degrada¬ 
tion  that  are  relevant  to  radiation  include 
mdm2,‘^  p21,^^’^^  RB,^^  cyclins  A,  B  and 

NF-kB/IkB,^^'^*^  c-Mycr^"^^  c-Jun,‘^  c-Fos,~^ 
HIF-la:,^^-^^  DNA-PKcs,^-  rad23,-^^  Bcl-2.^*'-^^  bax,^^ 
and  caspase-3.^®'^^  Many  of  these  molecules  are  radia¬ 
tion  inducible  through  posttranslational,  proteasome-de- 
pendent  mechanisms  and  modulate  cellular  responses  to 
irradiation.  Indeed,  the  proteasome  itself  appears  to  be  a 
redox-sensitive  target  for  radiation.'^®  The  ubiquitin/pro¬ 
teasome  system  promises  to  yield  a  large  variety  of 
potential  anticancer  strategies.  In  the  future,  many  of 
these  may  be  directed  against  the  E3  ubiquitin  ligases 
that  target  specific  molecules  for  destruction.  The  revers¬ 


ible  nonspecific  inhibitor  of  proteasome  chymotrypsin- 
like  activity,  PS-341  is  the  first  agent  deliberately  target¬ 
ing  this  system  to  enter  phase  I  clinical  trials  for  cancer."^ ^ 

The  consequences  of  inhibiting  proteasome  activity 
with  reversible  and  nonreversible  drugs  have  been  de¬ 
scribed  in  numerous  in  vitro  studies  as  cell  cycle  arrest 
and  death  by  apoptosis.^^*^^*"^^  In  addition,  we  have 
shown  that  the  reversible  proteasome  inhibitor  MG- 132 
can  radiosensitize  cells  in  vitro.‘^  PS-341  has  been  pre¬ 
viously  shown  to  slow  tumor  growth  in  vivo,"*^  and,  in 
this  study,  we  show  that  it  can  affect  cellular  radiosen¬ 
sitivity  in  vitro  and  in  vivo, 

PROTEASOME  INHIBITORS  INCREASE 
RADIOSENSITIVITY  OF  CANCER  CELLS 

Our  in  vitro  experiments  with  proteasome  inhibitors 
MG- 132  and  PS-341  show  synergistic  effects  of  the 
drugs  and  ionizing  radiation  on  the  survival  of 
TRAMP-Cl  mouse  prostate  carcinoma  cells.  For  these 
experiments,  cells  were  treated  with  100  nmol/1  PS-341 
and  10  /xmol/1  MG- 132  (50%  survival  doses)  for  3  hours, 
and  the  drug  was  washed  out  before  iiradiation.  Treat¬ 
ment  resulted  in  dose  enhancement  ratios  of  1.5  and  1,2, 
respectively  (Fig.  2A).  To  test  the  dose  dependence  of 
the  radiosensitization  effect,  experiments  with  different 
doses  of  PS-341  were  performed  (Fig.  2B).  These  re¬ 
vealed  that  the  drug  has  a  radiosensitizing  effect  at  doses 
as  low  as  2.5  and  5  nmol/1  (dose  enhancement  ratios  of 
1.1  and  1.5,  respectively),  cause  only  partial  inhibition  of 
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FIG.  2.  Clonogenic  assay.  Murine  TRAMP-C1  prostate 
adenocarcinoma  cells  were  trypsinized,  washed,  and  in¬ 
cubated  at  37°C  in  the  presence  of  (A)  100  nmol/l  PS-341 
or  10  ^mol/l  MG-132  or  (B)  0.5,  1,  2.5,  and  5  nmol/l 
PS-341 .  Three  hours  later,  cells  were  washed  to  remove 
drugs,  irradiated  with  2,  4,  or  6  Gy,  and  plated  in  culture 
dishes.  After  1 4  days  cells  were  fixed,  stained  with  crystal 
violet,  and  colonies  consisting  of  more  than  50  cells  were 
counted.  Survival  fraction  is  expressed  as  percentage  of 
control. 


proteasome  activity  (30—50%)  and  are  minimally  toxic, 
causing  less  than  15%  cell  death.  At  very  low  dose  levels 
(<1  nmol/l),  PS-341  seems  to  have  no  effect  on  clono¬ 
genic  cell  survival  after  irradiation,  and  it  may  even  act 
to  slightly  protect  cells. 

PS-341  has  been  shown  to  slow  the  growth  of  PC3 
tumors  in  vivo."*^  We  observed  a  similar  delav  in 
tumor  growth  after  combined  treatment  with  PS-341, 
and  the  effect  of  irradiation  that  was  at  least  additive 
over  drug  or  radiation  treatment  alone  (Fig.  3).  Mice 
treated  with  0.3  mg/kg  of  PS-341  intravenously  3 
hours  before  a  single  dose  of  25-Gy  radiation  showed 
a  15-day  tumor  growth  delay  versus  6  to  7  days  with 
radiation  or  drug  alone. 


DISCUSSION 

Targeting  individual  molecules  that  are  aberrantly  ex¬ 
pressed  in  specific  cancers  can  often  lead  to  tumor 
radiosensitization.  This  approach  has  enormous  appeal, 
but  may  be  limited  by  the  heterogeneity  and  multiple 
mutations  that  are  associated  with  the  cancerous  state 
Targeting  downstream  nodal  points  involving  multiple 
pathways  may  be  a  more  robust  strategy.  Perhaps  the 
ultimate  downstream  pathway  for  molecules  involved  in 
radiation  responses  is  the  proteasome.  The  proteasome 
inhibitor  PS-341  has  entered  phase  I  clinical  trials  alone 
and  in  combination  with  chemotherapeutic  agents  (flu- 
orouracil  and  leucovorin)^^  (Adams  J,  person^  commu¬ 
nication,  2000).  It  appears  to  be  surprisingly  well  toler¬ 
ated  in  mice  and  humans,  provided  the  intertreatment 
interval  is  sufficient  to  protect  against  gastrointestinal 
toxicity.  Proteasome  inhibitors  have  been  shown  to 
result  in  apoptosis  of  almost  all  cancer  cells  by  mecha¬ 
nisms  that  have  yet  to  be  fully  elucidated.  Drexler,*^  as 
well  as  Soldatenkov  and  Dritschilo,"^^  has  suggested  that 
activation  of  a  Bcl-2-sensitive  pathway  is  involved, 
whereas  Hermann  and  coworkers*^^  excluded  Bcl-2  and 
p53  involvement.  Normal  cells,  in  contrast,  appear  to  be 
less  affected  by  treatment,  and  may  even  be  initially 
rescued  from  apoptosis  induced  by  ionizing  radiation, 
glucocorticoids,  or  phorbol  ester  inhibitors.*^"  Cyclins 
cells  are  perhaps  more  sensitive  than  nonproliferating 
cells  because  of  the  dependency  of  the  cyclin/cdk  svstem 
on  proteasome  function.**^  It  *is  also  possible  that  the 
addiction  of  cancer  cells  for  various  stress  proteins  gives 
them  greater  sensitivity  to  proteasome  inhibition.*^  For 
example,  NF-kB  is  a  survival  pathway  that  is  overex¬ 
pressed  in  numerous  cancers,  and  activation  of  NF-kB  is 
tightly  controlled  through  degradation  of  its  inhibitor 
IkB  by  the  ubiquitin/proteasome  system.  Proteasome 
inhibition  results  in  inhibition  of  NF-kB  expression,  and, 
although  this  does  not  necessarily  result  in  radiosensiti¬ 
zation,  “  cells  that  are  addicted  to  this  pathway  may  be 
panicularly  sensitive.  This  may  explain  the  promising 
preliminary  responses  to  PS-341  treatment  seen  in  mul¬ 
tiple  myeloma  (Adams  J,  personal  communication. 
2000),  where  NF-kB  expression  is  probably  maintained 
through  the  action  of  interleukin-6  acting  in  as  an  auto¬ 
crine  growth  factor. 

The  importance  ot  the  ubiquitin/proteasome  svstem 
for  cellular  function  and  responses  to  therapy  has  only 
recently  come  to  the  fore.  This  system  integrates  with 
phosphorylation/dephosphorylation  as  a  master  control¬ 
ler  of  intracellular  events  and  is  assuming  an  importance 
at  least  as  great  as  these  better  understood  pathways. 
Expression  of  many  of  the  molecules  criticallv  involved 
in  DNA  repair,  cell  death,  and  stress  reactions  are  mod¬ 
ulated  through  this  pathway.  It  is  redox  and  radiation 
sensitive  and  has  proved  to  be  intimately  involved  in 
radiation  responses  at  many  different  levels.*^^^  .Althoush 
the  extent  of  the  diversity  of  proteasome  structures  and 
ubiquitin-related  molecules  has  yet  to  be  fullv  appreci¬ 
ated,  and  their  relevance  to  therapeutic  responses  yet  to 
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FIG.  3.  In  vivo  tumor  growth  assay.  TRAMP-C1  cells  (5  x  10^)  were  Implanted  subcuta¬ 
neously  in  the  hind  legs  of  8-week-old  C57/BI6  mice.  When  tumors  were  6  mm  in  diameter, 
animals  were  treated  with  different  doses  of  PS-341  (0.1,  0.2,  and  0.3  mg/kg  Intravenously) 
alone  or  in  combination  with  25-Gy  local  tumor  irradiation.  Tumor  volume  was  measured 
until  tumors  reached  12  mm  in  diameter. 


be  elucidated,  this  system  promises  to  yield  strategically 
important  targets  for  cancer  treatment,  including  improv¬ 
ing  the  therapeutic  benefit  of  radiation  therapy.  C 
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APOPTOSIS  AND  RADIOSENSITIZATION  OF  HODGKIN  CELLS  BY 
PROTEASOME  INHIBITION 

Frank  Pajonk,  M.D.,*  Katja  Pajonk,*  and  William  H.  McBride,  D.Sc. 

Department  of  Radiation  Oncology,  Experimental  Division,  Roy  E.  Coats  Research  Laboratories,  UCLA  School  of  Medicine, 

Los  Angeles,  CA 

Purpose:  Malignant  cells  from  Hodgkin^s  disease  have  been  reported  to  be  defective  in  regulation  of  NF-#d8 
activity.  Ionizing  radiation  is  known  to  activate  NF-kB,  and  it  has  been  suggested  that  this  pathway  may  protect 
cells  from  apoptosis  following  exposure  to  radiation  and  other  therapeutic  agents.  Defective  NF-kB  regulation  in 
Hodgkin  cells  could  therefore  ^ctate  the  response  of  this  disease  to  therapy,  as  well  as  be  responsible  for 
maintaining  the  malignant  phenotype.  The  purpose  of  this  study  was  to  explore  whether  NF-kB  activity  could  be 
modulated  in  Hodgkin  cells  and  whether  it  determines  the  response  of  these  cells  to  treatment  with  ionizing 
radiation  and/or  dexamethasone. 

Methods  and  Materials:  Activation  of  NF-kB  in  cells  is  accomplished  in  large  part  by  degradation  of  its  inhibitor 
IkB  through  the  26s  proteasome.  HD-My-Z  Hodgkin  cells  were  treated  vrith  the  proteasome  inhibitor  MG- 132 
or  transduced  with  a  dominant  negative  super-repressor  IkB  a.  Clonogenic  survival,  apoptosis,  proteasome 
activity,  and  NF-kB  binding  activity  were  monitored  in  response  to  ionizing  radiation  and/or  dexamethasone 
treatment. 

Results:  HD-My-Z  Hodgkin  cells  had  modest  NF-kB  levels  but,  unlike  other  cell  types,  did  not  decrease  their  level 
of  constitutively  active  NF-kB  in  response  to  proteasome  inhibition  with  MG-132.  In  contrast,  transduction  with 
a  non-phosphorable  iKBa  construct  abolished  expression.  MG-132  did,  however,  induce  apoptosis  in  HD-My-Z 
cells  and  sensitized  them  to  ionizing  radiation.  Dexamethasone  treatment  had  no  effect  on  NF-kB  activity  or 
clonogenic  survival  of  Hodgkin  cells,  but  protected  them  from  irradiation. 

Conclusion:  We  conclude  that  inhibition  of  26s  proteasome  activity  can  induce  apoptosis  in  HD-My-Z  Hodgkin 
cells  and  radiosensitize  them,  in  spite  of  the  fact  that  their  constitutively  active  NF-kB  levels  are  unaltered.  The 
proteasome  may  be  a  promising  new  therapeutic  target  for  intervention  in  this  disease.  In  contrast,  the  use  of 
glucocorticoids  in  conjunction  with  radiation  treatment  for  this  tumor  may  require  re-evaluation.  ©  2000 
Elsevier  Science  Inc. 

Hodgkin’s  disease,  26s  Proteasome,  NF-kB,  MG-132,  Dexamethasone. 


INTRODUCTION 

The  treatment  of  Hodgkin’s  disease  has  improved  greatly 
over  the  last  three  decades.  In  the  last  10  years,  stage- 
adapted  radio/chemotherapy  protocols  have  been  introduced 
that  reduce  overall  treatment  failure  to  less  than  25  %  (1-5). 
Even  salvage  therapies  of  relapsed  Hodgkin’s  disease  are 
highly  effective,  with  long-term  remission  rates  of  more 
than  50%  (6-8).  In  spite  of  this  success,  there  are  a  number 
of  patients  with  primary  or  relapsed  Hodgkin’s  disease 
whose  tumors  are  resistant  to  both  radiotherapy  and  multi - 
agent  chemotherapy.  Others  with  relapsed  disease  cannot  be 
treated  because  of  hematological  or  local  complications 
caused  by  prior  treatment.  New  treatment  modalities,  pref¬ 
erably  based  on  insights  into  the  pathophysiology  of 
Hodgkin’s  disease,  are  needed  for  these  patients. 


The  malignant  ceils  in  Hodgkin’s  disease,  the  Hodgkin 
cell  and  the  multinuclear  Reed-Stemberg  cell  have  recently 
been  shown  to  belong  to  the  B-lymphocyte  lineage  (9-11). 
However,  in  contrast  to  most  B-lymphocytes.  Hodgkin’s 
lymphoma  cells  appear  relatively  resistant  to  apoptosis. 
Recently,  Bargou  and  coworkers  (12)  observed  a  feature  of 
Hodgkin  cell  lines  that  might  explain  this  resistance.  All 
Hodgkin  cell  lines  tested  showed  constitutive  activation  of 
nuclear  factor  kappa  B  (NF-kB).  Activation  of  NF-kB  is 
known  to  protect  many  cell  types  from  apoptotic  death 
(13-15). 

NF-kB  is  a  hetero-  or  homodimer  of  proteins  that  recog¬ 
nize  a  specific  DNA-binding  motif  in  the  promoter  region  of 
many  genes,  especially  those  involved  in  inflammatory  re¬ 
sponses.  In  its  inactive  form,  the  binding  region  (NLS)  is 
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covered  by  inhibitor  proteins  called  IkB.  NF-kB  activation 
most  often  results  from  phosphorylation  of  IkB  by  IkB 
kinases  (Ik),  its  ubiquitination,  and  subsequent  degradation 
by  the  multicatalytic  26s  proteasome.  This  degradation  en¬ 
ables  nuclear  translocation  of  NF-kB  and  initiation  of  gene 
expression  (16,  17).  While  many  events  could  cause  con¬ 
stitutive  activation  of  NF-kB,  there  are  reports  that  Hodgkin 
cell  lines  may  have  mutated  IkB  a,  resulting  in  a  non¬ 
functional  IkBck  protein  (18)  or  an  almost  complete  lack  of 
iKBa  gene  expression  (19).  Although  only  a  few  cell  lines 
are  available  for  study,  it  is  possible  that  unregulated  ex¬ 
pression  of  NF-kB  is  responsible  for  the  pathogenesis  of 
this  disease.  In  this  study,  we  explored  the  status  of  NF-kB 
in  the  HD-My-Z  Hodgkin  cell  line,  the  mechanism  under¬ 
lying  its  constitutive  expression,  and  whether  abnormalities 
in  this  pathway  affect  cell  death  following  exposure  to 
proteasome  inhibitors  and/or  ionizing  irradiation  and  steroids. 

METHODS  AND  MATERIALS 

Cell  culture 

The  Hodgkin  cell  line  HD-My-Z  (DSMZ,  Braunschweig) 
has  been  described  in  detail  elsewhere  (19).  This,  as  well  as 
PCS  and  LnCaP  human  prostate  carcinoma  (ATCC),  SW 
1088'  astrocytoma  (ATCC),  ECV  304  bladder  carcinoma 
cells,  and  A549  non-small  cell  lung  cancer  (ATCC)  cell 
line,  were  grown  in  75-cm“  flasks  (Falcon)  at  37°C  in  a 
humidified  atmosphere  at  5%  CO2.  The  medium  was 
DMEM  medium  (Gibco/BRL)  supplemented  with  10%  FCS 
(Sigma),  1%  penicillin/streptomycin  (Sigma),  and  0.5  g/mL 
fungizone  (amphotericin  B,  Gibco/BRL).  For  studies  of 
proteasome  and  NF-kB  functional  activity,  10^  cells  were 
plated  into  10-cm  culture  dishes  24  h  before  the  start  of  the 
experiment. 

Cell  extracts  and  electrophoretic  mobility  shift  assays 

For  preparation  of  total  cellular  extracts,  cells  were  me¬ 
chanically  scraped  from  the  plate,  washed  with  ice-cold 
PBS,  and  lysed  in  TOTEX-buffer  (20  mM  HEPES  [pH  7.9], 
0.35  mM  NaCl,  20%  glycerol,  1%  NP-40,  0.5  mM  EDTA, 
0.1  mM  EGTA,  0.5  mM  DTT,  PMSF,  and  aprotinin  for  30 
min  on  ice).  Lysate  was  centrifuged  at  12,000  g  for  5  min. 
Protein  concentration  was  determined  using  the  BCA  pro¬ 
tocol  (Pierce)  with  bovine  albumin  as  standard.  Fifteen 
micrograms  of  protein  of  the  resulting  supemate  were  in¬ 
cubated  for  25  min  at  room  temperature  with  2  pd  BSA  (10 
Aig/^l),  2  fil  dldC  (1  pig/ix\f  4  p\  Ficoll-buffer  (20%  Ficoll 
400,  100  mM  HEPES,  300  mM  KCl,  10  mM  DTT,  0.1  mM 
PMSF),  2  /xl  buffer  D+  (20  mM  HEPES,  20%  glycerol,  100 
mM  KCl,  0.5  mM  EDTA,  0.25%  NP-40,  2  mM  DTT,  0.1 
mM  PMSF)  and  1  p\  of  the  [y^'P]  ATP-labeled  oligonu¬ 
cleotide  (Promega,  NF-kB:  AGT  TGA  GGG  GAC  TTT 
CCC  AGG).  For  a  negative  control,  unlabeled  oligonucle¬ 
otide  was  added  in  50-fold  excess.  Gel  analysis  was  carried 
out  in  native  4%  acryl  amide/0.5  %  TBE  gels.  Dried  gels 
were  placed  on  a  phosphor  screen  for  24  h  and  analyzed  on 
a  phosphor  imager  (Storm  860,  Molecular  Dynamics). 
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HD-My-Z  cells,  which  grow  as  a  loosely  adherent  mono- 
layer,  were  dislodged  by  shaking,  counted,  and  diluted  to  a 
concentration  of  10^  cells/mL.  The  cell  suspension  was 
immediately  irradiated  at  room  temperature  using  a  ^^^Cs- 
laboratory  irradiator  (JL  Shephard,  Mark  I)  at  a  dose  rate  of 
580  rad/min.  Corresponding  controls  were  sham  irradiated. 

Clonogenic  survival 

Colony-forming  assays  were  performed  immediately  af¬ 
ter  irradiation  by  plating  an  appropriate  number  of  cells 
(2  X  10^-2  X  10"^)  into  Petri  dishes,  in  triplicate.  After  14 
days’  culture,  cells  were  fixed,  stained  with  crystal  violet, 
and  colonies  consisting  of  more  than  50  cells  were  counted. 
Data  shown  resulted  from  a  minimum  of  three  independent 
experiments. 

Proteasome  function  assays 

Proteasome  function  was  measured  as  described  previ¬ 
ously  (20).  Briefly,  cells  were  washed  with  PBS,  then  with 
buffer  I  (50  mM  Tris,  pH  7.4,  2  mM  DTT,  5  mM  MgC12,  2 
mM  ATP),  and  pelleted  by  centrifugation.  Glass  beads  and 
homogenization  buffer  (50  mM  Tris,  pH  7.4,  1  mM  DTT,  5 
mM  MgCl^,  2  mM  ATP,  250  mM  sucrose)  were  added  and 
vortexed  for  1  min.  Beads  and  cell  debris  were  removed  by 
centrifugation  at  1,000  g  for  5  min  and  10,000  g  for  20  min. 
Protein  concentration  was  determined  by  the  BCA  protocol 
(Pierce).  Ten  micrograms  of  protein  of  each  sample  was 
diluted  with  buffer  I  to  a  final  volume  of  100  ^tl.  The 
fluorogenic  proteasome  substrate  SucLLVY-7-amido-4- 
methylcoumarin  (chymotrypsin-like.  Sigma)  and  the  protea¬ 
some  inhibitor  MG- 132  (Calbiochem)  were  dissolved  in 
DMSO  and  added  in  a  final  concentration  of  100  ^M  in  1% 
DMSO.  Controls  received  diluent  only.  Samples  were  in¬ 
cubated  for  45  min  at  37°C.  The  reaction  was  stopped  by  the 
addition  of  I  mL  SDS  (1%)  and  free  7-amido-4-methylcou- 
marin  was  determined  using  a  fluorescence  plate  reader 
(fmax,  Molecular  Devices)  at  380/460  nm. 

Immunoblotting 

Cells  were  washed  with  PBS  and  lysed  in  RIPA  buffer 
(50  mM  Tris-HCl  (pH  7.2),  150  mM  NaCl,  1%  Nonidet 
P-40,  SDS,  10  mM  PMSF,  aprotinin,  sodiumvanadate). 
Protein  concentrations  were  determined  using  the  BCA 
protocol  (Pierce)  with  bovine  serum  albumin  as  standard. 
One  hundred  micrograms  of  protein  were  subjected  to  SDS 
gel  electrophoresis  (0.1%  SDS  in  Tris-HCl/ 10%  polyacryl¬ 
amide,  pH  8.8  and  a  4%  polyacrylamide  stacking  gel,  pH 
6.8)  and  blotted  overnight  to  PVDF  membranes  (4°C).  After 
blocking  with  Blotto-buffer  (PBS,  2%  skim  milk)  mem¬ 
branes  were  incubated  with  a  polyclonal  antibody  against 
human  IkBq:  (Santa  Cruz  Biotechnologies).  A  secondary 
HRP-conjugated  antibody  and  DAB  (Sigma)  were  used  for 
visualization. 

Transduction  experiments 

The  recombinant  replication-deficient  adenoviruses  Ad5- 
IkB  and  Ad5-LacZ  were  kindly  provided  by  Dr.  R.  Batra 
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(VA  Hospital,  Los  Angeles,  CA)  and  are  described  else¬ 
where  (21).  Ad5-lKB  contains  a  gene  for  a  NF-kB  super¬ 
repressor  iKBa  under  control  of  a  CMV-promoter/enhancer. 
The  encoded  protein  contains  serine-to-alanine  mutations  in 
residues  32  and  36,  preventing  its  phosphorylation,  ubiq- 
uitination,  and  subsequent  degradation  by  the  proteasome. 
The  Ad5-LacZ  is  a  control  virus  that  contains  the  gene  for 
j3-galactosidase  in  place  of  IkBqj.  Cells  were  plated  into 
Petri  dishes  (10  cm.  Falcon).  After  24  h,  the  medium  was 
changed  and  viral  vectors  containing  non-phosphorable 
iKBa  or  j3-galactosidase  genes  were  added  at  different 
multiplicities  of  infection  (MOIs).  After  a  2-h  incubation, 
the  virus-containing  medium  was  replaced  by  fresh  medium 
and  cells  were  incubated  for  an  additional  48  h  to  allow 
gene  expression. 

Determination  of  apoptosis 

Apoptotic  cells  were  detected  using  the  In  Situ  Cell  Death 
Kit  (Boehringer  Mannheim).  The  manufacturer’s  protocol 
was  followed  with  some  minor  modifications.  Briefly,  at¬ 
tached  and  detached  cells  were  collected,  centrifuged,  fixed 
with  100%  ethanol,  washed  with  PBS,  and  pelleted  by 
centrifugation  for  5  min  at  2,000  g.  Cells  were  permeabil- 
ized  by  resuspension  in  0.1%  Triton  X-100  in  0,1%  sodium 
citrate  and  incubation  for  2  min  on  ice.  Cells  were  washed 
twice  in  PBS,  resuspended  in  TUNEL  reaction  mixture,  and 
incubated  for  60  min  at  37°C.  After  three  washes  with  PBS, 
fluorescence  was  measured  at  518  nm  using  a  flow  cytom¬ 
eter  (FACScan,  Becton  Dickinson)  and  analyzed  using  the 
CellQuest  software  (Becton  Dickinson). 

Cell  cycle  analysis 

A  sample  consisting  of  5  X  10^  cells  per  sample  were 
washed,  fixed  with  70%  ethanol,  and  stained  by  propidium 
iodide  (0.1  mg/mL),  and  0,1%  Nonidet  NP-40.  After  treat¬ 
ment  with  RNAse  (1  mg/mL),  the  cell  cycle  parameters 
were  determined  from  the  DNA  content  using  a  flow  cy¬ 
tometer  (FACScan). 

Statistics 

For  statistical  analysis  of  the  survival  plots,  the  data  was 
fitted  using  a  generalized  linear  model  and  the  statistical 
software  package  JMP  (version  3.2  for  Macintosh  Comput¬ 
ers,  SAS).  Two  curves  were  assumed  to  be  significantly 
different  from  each  other  if  F-distribution  values  showed 
significance  at  a  p-value  of  0.05. 

RESULTS 

NF-kB  activity  in  HD-My~Z  Hodgkin  cells 

It  has  been  suggested  that  Hodgkin  cells  have  high  con¬ 
stitutive  NF-kB  levels  (12,  22).  To  test  this  in  HD-My-Z 
cells,  gel  shift  assays  for  functionally  active  NF-kB  were 
performed  on  cell  extracts  and  the  results  compared  with 
those  for  other  cancer  cell  lines  (A549,  ECV  304,  LnCaP, 
PC3,  and  SW1088).  Surprisingly,  constitutive  NF-kB  levels 
in  HD-My-Z  cells  were  lower  than  those  in  most  of  the 
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Fig.  1 .  The  electrophoretic  mobility  shift  assay  shows  constitutive 
NF-kB  DNA-binding  activity  in  cytosolic  protein  extracts  (15  pg) 
from  six  different  human  tumor  cell  lines:  HD-My-Z  (lane  2), 
A549  (lane  4),  ECV304  (lane  6),  LnCaP  (lane  8),  PC3  (lane  10), 
and  SW  1088  (lane  12)  24  h  after  plating.  To  show  specificity  of 
the  binding  reaction,  a  50-fold  molar  excess  of  the  unlabeled 
consensus  oligonucleotide  was  added  in  lane  1.  Preincubation  of 
the  cells  for  3  h  with  the  reversible  proteasome  inhibitor  MG- 132 
(50  pM)  decreased  constitutive  NF-kB  binding  activity  in  all  cell 
lines  except  HD-My-Z  (lanes  3,  5,  7,  9,  11,  and  13). 


Other  cell  lines.  For  example,  NF-kB  DNA-binding  activity 
in  extracts  from  PC3  cells  was  almost  three  times  higher 
than  that  in  HD-My-Z  cells  (Fig.l:  lanes  2,  4,  6,  8,  10,  and 
12). 

Inhibition  of  the  26s  proteasome  does  not  decrease 
NF-kB  activity  in  HD-My-Z  cells 

NF-kB  activation  is  normally  controlled  by  degradation 
of  its  inhibitor,  IkB,  through  the  proteasome.  Blocking 
proteasome  activity  using  the  specific  inhibitor  MG- 132 
should  therefore  lead  to  a  decrease  in  NF-kB  activity.  This 
was  found  to  be  the  case  for  A549,  ECV  304,  LnCaP,  PC3, 
and  SW1088  cells  treated  for  3  h  with  50  pM  MG- 132  (Fig. 
1:  lanes  5,  7,  9,  11,  and  13),  In  contrast,  the  same  treatment 
did  not  affect  NF-kB  activity  in  HD-My-Z  cells  (lane  3), 
indicating  that  constitutive  NF-kB  activity  in  this  cell  line  is 
not  regulated  by  this  mechanism. 

Clonogenicity  of  HD-My-Z  cells  is  reduced  by  expression 
of  a  dominant  negative  iKBa 

Because  NF-kB  activity  was  not  decreased  by  MG- 1 32 
treatment  of  HD-My-Z  cells,  its  ability  to  be  modulated  by 
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Fig.  2.  Gehshift  experiments  with  extract  of  HD-My-Z  Hodgkin 
cells  after  transduction  with  adenoviral  vector  carrying  a  truncated 
iKBa  gene.  An  MOI  of  1,000 — equivalent  to  more  than  99.9% 
cell  transduction  efficiency — resulted  in  a  complete  loss  of  NF-kB 
binding  activity.  Transduction  with  a  /3-galactosidase  (MOI  I,(X)0) 
gene  did  not  change  NF-kB  activity. 


IkB  was  tested  by  introducing  a  dominant  negative  I/<Ba, 
which  does  not  undergo  degradation  through  the  protea- 
some.  There  was  an  MOI-dependent  decrease  in  NF-kB 
activation  48  h  after  transduction  (Fig.  2),  consistent  with 
regulation  by  the  introduced  IkB  a.  Clonogenicity  of  the 
HD-My-Z  cells  also  was  decreased  by  expression  of  dom¬ 
inant  negative  iKBa  in  a  dose-dependent  manner  (Fig.  3). 
The  control  vector  containing  a  ]3-galactosidase  gene  did 
not  alter  plating  efficiency. 

Protea  some  activity  is  normal  in  HD-My-Z  cells 
The  above  experiments  showed  that  HD-My-Z  cells  are 
unable  to  regulate  NF-kB  expression  through  the  IkB  deg¬ 
radation  pathway.  To  exclude  the  proteasome  as  the  defect, 
chymotrypsin-like  cleavage  activity  was  measured  by  flu- 
orogenic  assay  in  HD-My-Z  cells  and  the  result  was  com¬ 
pared  with  activity  in  other  cancer  cell  lines.  In  general, 
proteasome  activity  correlated  with  NF-kB  activity  for  the 
six  cell  lines  tested  (r  =  0.863).  PC3  cells  had  the  highest 
activity;  SW1088  cells  had  the  lowest.  The  other  cell  lines, 
including  HD-My-Z,  were  in-between  these  two  extremes 


Fig.  3.  Decrease  in  clonogenic  fraction  of  HD-My-Z  Hodgkin 
cells,  assayed  by  measurements  of  plating  efficiency,  after  expres¬ 
sion  of  a  dominant  negative  IkB.  The  decrease  in  clonogenicity  in 
HD-My-Z  cells  was  correlated  to  the  number  of  viral  particles 
used.  The  control  vector,  containing  a  /3-galactosidase  (MOI  1(X)) 
gene,  did  not  affect  clonogenicity. 


(Fig.  4).  Extracts  from  HD-My-Z  cells  that  were  incubated 
with  different  concentrations  of  MG- 132  showed  dose-de- 
pendent  inhibition  of  cleavage  activity;  0.25  }jlM  MG- 132 
inhibited  to  50%  after  a  45-min  incubation  (Fig.  5).  These 
experiments  show  that  failure  of  MG- 132  to  affect  NF-kB 
levels  in  HD-My-Z  cells  cannot  be  attributed  to  an  inability 
of  the  drug  to  block  proteasome  activity,  which  appears 
normal  in  this  cell  line. 

Further  attempts  were  made  to  alter  NF-kB  activity  in 
HD-My-Z  cells  using  MG- 132.  Three  hours’  preincubation 
of  cells  with  3-50  /xM  MG-132  had  no  effect  (Fig.  6a),  nor 
did  the  continuous  presence  of  50  fiM  MG-132  over  a 
period  of  48  hours’  cells  (Fig,  6b).  Twenty-four  and  48  h 


Constitutive  actitvity  of  the  26s 
proteasome  in  human  cell  lines 


PC3  ECV304  HD-MyZ  A  549  LnCaP  SW  1088 

Fig.  4.  Constitutive  (chymotrypsin-like)  proteolytic  activity  of  the 
26s  proteasome  in  six  different  human  cell  lines.  Measurements 
are  expressed  in  relative  fluorescence  units  and  reflect  the  release 
of  7-amido-4-methylcoumarin  (AMC)  from  the  fluorogenic  pro- 
teasomal  substrate  SucLLVY-AMC  into  the  buffer  (excitation  380 
nm,  emission  460  nm). 
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Inhibition  of  26s  proteasomal  activity 
(chymotrypsin-like)  in  HD-My-Z  cells  by  MG-132 


Fig.  5.  Inhibitory  effect  of  different  concentrations  (0,  0.05,  0.1, 
0.25,  0.5,  1.0,  5.0,  10,  50,  100  /xM)  of  the  specific  26s  proteasome 
inhibitor  MG-132  on  chymotrypsin-like  cleavage  activity  in  cell 
free  extracts  of  HD-My-Z  Hodgkin  cells.  Release  of  AMC  from 
the  fiuorogenic  peptide  SucLLVY-AMC  to  the  buffer  was  mea¬ 
sured  (excitation  380  nm,  emission  460  nm)  and  expressed  in 
percent  of  cleavage  activity  of  extracts  from  untreated  control  cells. 


after  the  start  of  drug  treatment,  there  was  a  decrease  in 
NF-kB,  but  this  was  associated  with  cell  death.  By  24  h,  a 
pro-Gi  population  (42%)  was  observed  by  flow  cytometry 
that  was  almost  absent  (7%)  in  the  control. 

Inhibition  of  proteasome  activity  in  HD-My-Z  cells 
induces  apoptosis 

The  ability  of  MG-132  treatment  to  cause  death  of  HD- 
My-Z  cells  in  the  absence  of  any  effect  on  NF-kB  activity 
was  explored  further.  Three  hours’  incubation  in  MG-132 
(0-50  /xM),  followed  by  washing  and  incubation  for  an 
additional  24  h,  caused  dose-dependent  apoptosis,  as  as¬ 
sessed  by  a  TUNEL  assay  (Fig.  7a).  The  continuous  pres¬ 
ence  of  MG-132  in  concentrations  as  low  as  31.25  nM, 
which  corresponds  to  a  10%  inhibition  of  proteasome  cleav¬ 
age  activity  in  cell-free  protein  extracts,  reduced  clonoge- 
nicity  to  40%  when  compared  to  the  untreated  control  (Fig 
7b).  The  general  correspondence  between  the  dose  of  MG- 
132  required  to  cause  cell  death  and  the  dose  required  for 
inhibition  of  26s  proteasome  activity  argue  in  favor  of  these 
processes  being  mechanistically  linked. 

Inhibition  of  proteasome  activity  in  HD-My-Z  cells 
sensitizes  them  to  radiation 

Because  MG-132  induced  apoptosis  in  HD-My-Z  cells 
without  affecting  constitutive  NF-kB  activity,  its  effect  on 
their  response  to  radiation  was  examined.  HD-My-Z  cells 
were  moderately  radiation  resistant,  with  a  S.F.  2  Gy  of 
0.56  ±  0.032.(Fig.  8)  They  were  1.4  times  more  radiore¬ 
sistant  than  PC3  cells  (S.F.  2  Gy  =  0.39  ±  0.026,  data  not 
shown).  Transient  inhibition  of  proteasome  function  by  3 
hours’  preincubation  of  HD-My-Z  cells  in  50  jixM  MG-132 
significantly  sensitized  them  to  ionizing  irradiation,  as  mea¬ 


sured  by  clonogenic  survival  (Fig.  8:  S.F.  2  Gy  =  0.42  ± 
0.064,  p  <  0.0001,  F-test).  MTT  assays  performed  5  days 
after  short-term  incubation  (3  h)  of  HD-My-Z  cells  con¬ 
firmed  the  radiosensitizing  effect  of  MG-132  with  lower  (1 
and  10  /jtM)  doses  (data  not  shown). 

In  contrast  to  MG-132,  exposure  of  HD-My-Z  cells  to 
dexamethasone  (100  /xM)  for  3  h  protected  them  from 
irradiation  (Fig.  8:  S.F.  2  Gy  =  0.58  ±  0.042,  p  <  0.0001, 
F-test;  see  figure  legend  for  radiobiological  parameters). 
Glucocorticoids  are  a  standard  treatment  for  Hodgkin’s  dis¬ 
ease.  They  also  have  been  reported  to  decrease  NF-kB  in  a 
number  of  cell  lines  by  increasing  IkB  levels  (23,  24).  In 
this  study,  NF-kB  levels  did  not  decrease  in  HD-My-Z, 
PC3,  or  A459  cells  under  the  conditions  of  treatment  (data 
not  shown).  The  plating  efficiency  in  HD-My-Z  cells  was 
little  changed,  from  17.2%  to  19.8%,  by  dexamethasone 
exposure,  and  there  was  no  apoptosis  (data  not  shown). 

DISCUSSION 

The  malignant  cell  in  Hodgkin’s  disease  is  most  fre¬ 
quently  reported  to  belong  to  the  B-cell  lineage  (9-11).  In 
general,  B-cells  are  prone  to  undergo  apoptosis.  This  is 
counteracted  during  immune  activation  by  NF-kB -depen¬ 
dent  pathways.  It  is  therefore  not  surprising  that  Hodgkin 
and  Reed-Stemberg  cells  generally  show  levels  of  NF-kB 
DNA-binding  activity  comparable  to  activated  B-cells  (22). 
In  activated  B-cells,  NF-kB  activation  depends  on  CD40- 
ligand  engagement  (26).  In  Hodgkin  cells,  the  factors  that 
maintain  NF-kB  activity  are  less  clear  (18,  26-28). 

Constitutive  NF-kB  activity  is  not  a  characteristic  re¬ 
stricted  to  Hodgkin  cells.  In  this  study,  extracts  from  other 
tumor  cell  lines  had  constitutive  levels  of  active  NF-kB,  nor 
is  the  level  of  constitutive  activity  necessarily  high  in 
Hodgkin  cells,  as  has  been  suggested  (12,  22).  The  HD- 
My-Z  Hodgkin  cell  line  showed  lower  constitutive  activity 
than  most  cell  lines  tested.  What  was  unusual  about  the 
HD-My-Z  Hodgkin  cell  line  compared  to  the  other  cell  lines 
was  that  the  NF-kB  activity  was  not  down-regulated  by 
treatment  with  MG-132,  a  reasonably  specific  proteasome 
inhibitor.  It  was,  however,  down-regulated  by  overexpres¬ 
sion  of  a  dominant  negative  IkB.  Proteasome  activity  in 
HD-My-Z  cells  was  inhibitable  by  MG-132  and  was  in  the 
mid-range  compared  with  the  tumor  cell  lines  that  were 
tested.  These  findings  indicate  that  HD-My-Z  cells  are  most 
likely  defective  in  IkB.  Other  Hodgkin  cell  lines  have  been 
reported  to  have  low  IkB  a  mRNA  and  protein  levels  (22) 
that  appear  to  be  non-functional  (18).  Although  the  HD- 
My-Z  cell  line  has  been  reported  to  lack  IkB  a  expression 
(19),  Western  blot  analysis  of  extracts  of  the  HD-My-Z  cells 
detected  a  specific  38-kDa  band  for  IkBoj  and  degradation 
of  IkBo  was  blocked  by  treatment  with  MG-132  (50  /xM) 
for  3  h  (data  not  shown).  It  remains  to  be  investigated 
whether  the  IkB  a  is  mutated,  leading  to  a  nonfunctional 
protein  that  is  specifically  unable  to  inhibit  NF-kB. 

Although  treatment  with  MG-132  did  not  down-regulate 
NF-kB  activity  in  HD-My-Z  cells,  it  could  induce  apoptosis 
and  decrease  clonogenicity.  The  mechanism  underlying 
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Fig.  6.  (a)  Gei-shift  experiment  with  cytosolic  protein  extracts  (15  ' 
/ig)  from  HD-My-Z  cells  after  3-h  preincubation  with  MG- 132 
(50,  25,  12.5,  6.25,  and  3.125  p,M).  Constitutive  high  NF-kB 
activity  was  not  affected  by  inhibition  of  proteasome  function,  (b) 
Incubation  of  HD-My-Z  cells  with  MG- 132  (50  ixM)  over  a  time 
period  of  48  h  did  not  change  the  NF-kB  DNA-binding  activity 
during  the  first  12  h.  NF-kB  activity  decreased  only  when  cells 
started  to  die,  24-48  h  after  start  of  incubation. 


Apoptosis  In  HD-My-Z  Hodgkin's  Lymphoma  cells  24  hours  after 
short-time  exposure  (3  hours)  to  MG-132 
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Fig.  7.  (a)  Apoptosis  in  HD-My-Z  Hodgkin's  lymphoma  cells  24  h 
after  transient  inhibition  (3  h)  of  proteasome  function  assessed  by 
a  TXJNEL-assay.  MG-132  increased  the  mean  fluorescence  signal 
in  a  dose-dependent  manner,  (b)  Clonogenicity  of  HD-My-Z 
Hodgkin  cells,  assayed  by  measurements  of  the  plating  efficiency, 
was  drastically  decreased  by  the  continuous  presence  of  even  low 
concentrations  of  MG-132. 


these  effects  remains  unclear.  It  is  unlikely  to  be  due  to 
inhibition  of  proteasome  degradation  of  p53,  because  HD- 
My-Z  cells  constitutively  express  p53  mRNA  and  are  prob¬ 
ably  mutated  in  the  p53  gene  (19).  Recent  studies  by  Herr¬ 
mann  and  coworkers  excluded  any  involvement  of  p53,  the 
JNK  kinase  pathway,  or  bcl-2  (29)  in  MG-132-induced 
apoptosis,  although  this  in  part  contradicts  an  earlier  report 
(30).  Interestingly,  clonogenic  survival  of  HD-My-Z  cells 
was  completely  abolished  by  maintaining  them  in  the  pres¬ 
ence  of  concentrations  of  MG-132  as  low  as  0.5  julM.  This 
suggests  that  the  proteasome  inhibition  may  be  an  effective 
new  treatment  modality  for  Hodgkin’s  disease,  providing  this 
level  can  be  attained  in  humans  without  adverse  toxicity. 

There  is  surprisingly  little  knowledge  on  how  Hodgkin 
cells  respond  to  modalities  that  are  classically  used  to  treat 
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Clonogenic  survival  of  HD-MyZ  Hodgkin  cells 


Fig.  8.  Survival  plots  derived  from  colony  forming  assays  with 
HD>My-Z  cells  after  treatment  with  MG- 132  or  dexamethasone. 
Intrinsic  radiosensitivity  of  HD-My-Z  Hodgkin  lymphoma  cells 
was  decreased  (p  <  0.0001,  F-test)  by  inhibition  of  proteasome 
function  by  preincubation  in  MG- 132  (50  /xM)  for  3  h  before 
irradiation.  Dexamethasone  (100  /iM)  under  the  same  conditions 
was  a  radioprotector  {p  <  0.0001,  F-test)  (control:  a  =  0.298  ± 
0.052,  jS  7equal;  0.02893  ±  0.0072,  a/j3  =  10.3;  MG-132:  a  = 
0.3885  ±  0.033,  P  =  0.03048  ±  0.0041,  a/p  ^  12.7;  Dexameth¬ 
asone:  a  =  0.2898  ±  0.043,  jS  =  0.01982  ±  0.0048,  a//3  =  14.6). 

this  disease.  Two  such  treatments  are  glucocorticoids  and 
radiation.  Glucocorticoids  are  a  standard  component  of 
state-of-the-art  chemotherapy  protocols  in  Hodgkin’s  dis¬ 
ease.  Short-term  treatment  of  HD-My-Z  cells  with  glu¬ 
cocorticoids  did  not  change  their  constitutive  NF-kB  activ¬ 
ity.  It  also  failed  to  induce  apoptosis.  If  HD-My-Z  cells  are 
representative  of  the  disease,  these  findings  suggest  that  the 
tumor  shrinkage  seen  after  application  of  glucocorticoids  in 
patients  with  Hodgkin’s  disease  may  be  caused  more  by 
death  of  the  inflammatory  cells  infiltrating  the  tumor  than  by 
death  of  tumor  cells  themselves.  HD-My-Z  was,  however, 
isolated  from  the  pleural  effusion  of  a  patient  with  relapsed 
and  therapy-refractory  Hodgkin’s  disease  (19).  Thus,  this 
cell  line  might  reassemble  the  phenotype  of  relapsing 
Hodgkin’s  disease  rather  than  that  of  cases  that  are  easily 
cured  with  standard  therapy. 

Radiation  therapy  often  causes  rapid  shrinkage  of  bulky 
lymphomas  after  only  a  few  treatment  fractions.  To  our 
knowledge,  there  have  been  no  reports  on  the  radiosensi¬ 
tivity  of  Hodgkin  cell  lines.  In  this  study,  HD-My-Z  cells 


were  found  to  be  moderately  radiation  resistant.  In  compar¬ 
ison,  PC3  prostate  cancer  cells  were  1 ,4  times  more  sensi¬ 
tive.  Although  it  is  difficult  to  extrapolate  from  these  in  vitro 
findings  to  the  clinical  situation,  the  results  contrast  with  the 
doses  of  irradiation  needed  clinically  to  achieve  tumor  con¬ 
trol  in  these  two  diseases.  One  possible  explanation  for  the 
relative  sensitivity  of  Hodgkin’s  lymphomas  is  that  the 
number  of  malignant  cells  they  contain  is  usually  below  5%, 
and  comparably  lower  doses  would  be  required  to  achieve 
cure. 

Interestingly,  the  proteasome  inhibitor,  MG-132,  radio- 
sensitized  HD-My-Z  cells.  We  had  a  similar  result  with 
SiHa  cervical  cancer  cells  (Pajonk  et  al,  unpublished  data). 
Although  MG-132  also  inhibits  calpain,  there  is  strong 
evidence  that  the  effects  described  in  this  study  are  the 
result  of  proteasome  rather  than  calpain  inhibition.  First, 
MG-132  induces  apoptosis  in  MOLT-4  and  L5178Y  cells, 
while  Z-leu-leucinal,  a  specific  calpain  inhibitor,  does  not 
(31).  Second,  calpain  is  activated  during  apoptosis  and 
calpain  inhibition  prevents  apoptosis  (32-34),  Third,  MG- 
132  is  a  relatively  specific  inhibitor  for  the  proteasome  (Ki 
for  IkB  3  /xM).  Inhibition  of  calpain  and  cathepsin  by 
peptide  aldehydes  occurs  after  doses  much  lower  than  those 
used  in  this  study  (5-12  nM)  (35)  and  that  are  ineffective  at 
inducing  apoptosis.  Finally,  calpain  is  less  important  than 
the  proteasome  in  eukaryotic  proteolysis.  Almost  all  short¬ 
lived  (36)  and  70-90%  of  all  long-lived  proteins  (35,  37) 
are  degraded  by  the  26s  proteasome  and  its  activity  is  up  to 
1,000-fold  higher  than  the  activity  of  calpain. 

The  mechanism  for  the  radiosensitizing  effect  of  protea¬ 
some  inhibitors  seen  in  this  study  also  has  yet  to  be  eluci¬ 
dated.  Proteasome  inhibitors  have  been  shown  to  activate 
caspase-3  indirectly  (38).  Caspase-3  targets  DNA-PKcs,  the 
catalytic  subunit  of  DNA-dependent  protein  kinase  respon¬ 
sible  for  repair  of  DNA  double  strand  breaks  (39),  which  is 
one  possible  pathway  for  radiosensitization.  In  contrast  to 
the  effect  of  proteasome  inhibition,  treatment  with  dexa¬ 
methasone  clearly  protected  HD-My-Z  cells  from  irradia¬ 
tion,  as  has  been  reported  for  other  cell  lines  (40,  41).  There 
is  no  doubt  that  steroids  are  useful  in  combination  with 
other  chemotherapeutics  in  Hodgkin’s  disease  because 
shrinkage  of  bulky  tumors  will  enhance  the  effect  of  cyto¬ 
toxic  drugs  by  reperfusion  and/or  reoxygenation  of  malig¬ 
nant  cells.  However,  if  the  cell  line  HD-My-Z  can  be  taken 
as  pars  pro  toto  for  Hodgkin’s  disease,  steroids  in  combi¬ 
nation  with  radiation  therapy  should  be  used  with  caution. 
In  addition,  the  use  of  proteasome  inhibitors,  perhaps  in 
combination  with  radiation  therapy,  has  potential  as  a  novel 
strategy  for  cases  of  Hodgkin’s  disease  that  resist  conven¬ 
tional  therapies. 
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Abstract 

Background: 

The  multi-drug  resistance  gene  1  codes  for  the  transmembrane  efflux  pump  P- 
glycoprotein,  responsible  for  an  ATP-dependent  export  of  structural  unrelated 
compounds  including  many  chemotherapeutic  drugs.  P-glycoprotein  mediated 
multi-drug  resistance  is  a  common  cause  of  chemotherapy  failure.  Drugs  like 
cyclosporin  A  and  verapamil  can  inhibit  the  efflux  of  chemotherapeutics, 
mediated  by  P-glycoprotein.  However,  since  serum  concentrations  of  these 
drugs,  necessary  to  inhibit  P-glycoprotein  function,  have  severe  side  effects,  they 
are  still  not  part  of  standard  chemotherapy  regimens.  Thus,  there  is  an  ongoing 
search  for  specific  inhibitors  of  P-glycoprotein.  Observations  that  cyclosporin  A  is 
also  a  proteasome  inhibitor,  led  us  to  investigate  a  possible  cross  substrate 
specificity  of  P-glycoprotein  and  the  26s  proteasome. 

Material&Methods:  Primary  porcine  heart  fibroblasts  were  incubated  with 
different  doses  of  verapamil  for  16  hours.  VEGF  mRNA  expression  was 
accessed  by  RT-PCR.  Lysates  from  ECV  304  cells  were  incubated  with  different 
doses  of  verapamil,  doxorubicin,  daunorubicin,  idarubicin,  epirubicin, 
dactinomycin,  topotecan,  mitomycin  C  and  gemcitabine.  Chymotryptic  26s  and 
20s  proteasome  activity  was  measured  using  a  fluorogenic  peptide  assay. 
Effects  of  doxorubicin  on  proteasome  function  in  living  cells  was  monitored  in 
ECV304  cells,  stable  transfected  with  ubiquitin/green  fluorescent  protein  fusion 
protein.  Accumulation  of  daunorubicin  in  p-glycoprotein  highly  positive  KB  8-5 
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cells  was  monitored  in  the  presence  of  different  doses  of  the  proteasome  inhibitor 
MG-132. 

Results:  Incubation  of  porcine  heart  fibroblast  with  verapamil  caused  a  dose- 
dependent  induction  of  VEGF  mRNA  expression.  Incubation  of  crude  cellular 
extracts  of  ECV  304  cells  with  Verapamil,  doxorubicin,  idarubicin,  epirubicin,  and 
dactinomycin  led  to  a  dose-dependent  inhibition  of  26s  and  20s  proteasome 
function.  Incubation  of  crude  cellular  extracts  of  ECV  304  cells  with  daunorubicin 
inhibited  26s  proteasome  function  in  a  dose-dependent  manner  but  did  not  alter 
20s  proteasome  activity.  In  contrast,  incubation  of  crude  cellular  extracts  of  ECV 
304  cells  with  topotecan,  mitomycin  C  and  gemcitabine  left  26s  and  20s 
proteasome  activity  unchanged.  Incubation  of  KB  8-5  cells  with  different  doses  of 
MG-132  caused  a  dose-dependent  accumulation  of  daunorubicin. 

Conclusions:  Our  data  indicates,  that  the  26s  proteasome  and  P-glycoprotein 
have  overlapping  substrate  specificities.  Use  of  proteasome  inhibitors  in  cancer 
therapy  might  not  only  increase  radiosensitivity  but  could  also  sensitize  tumors  to 
standard  chemotherapy  protocols. 


4 


Introduction 

Multi-drug-resistance  (MDR)  is  a  common  reason  for  chemotherapy  treatment 
failure  in  breast  cancer,  leukemia  and  non-Hodgkin  lymphoma  patients.  Multi- 
drug-resistance  is  thereby  often  based  on  overexpression  of  the  mdr1  gene.  This 
gene  codes  for  P-glycoprotein  (P— gp)  a  1280  amino  acid  transmembrane 
phosphoglycoprotein  that  functions  as  an  ATP-dependent  efflux  pump. 
Numerous  pre-clinical  and  clinical  studies  have  been  undertaken  to  overcome 
multi-drug-resistance  and  several  substances  have  been  identified,  able  to  revert 
multi-drug-resistance  in-vitro  (reviewed  in  (1)).  However,  so  far  serum- 
concentrations  of  most  MDR-modulating  drugs  required  to  revert  multi-drug- 
resistance  have  unacceptable  toxicity  in-vivo.  Therefore,  combination  protocols 
using  cytotoxic  drugs  and  P-gp  inhibitors  did  not  enter  standard  chemotherapy 
regimens.  Insights  into  the  mechanisms  of  interaction  of  these  compounds  with 
P-gp  could  be  the  basis  for  the  development  of  more  specific  inhibitors. 

Two  of  the  most  commonly  used  MDR-modulating  substances  are  verapamil, 
cyclosporine  A  (CsA)  and  their  derivates.  It  is  remarkable  that  cyclosporine  A  has 
been  recently  identified  as  an  inhibitor  of  the  26s  proteasome  (2).  The  26s 
proteasome  is  a  highly  conserved  multicatalytic  protease  responsible  for  ATP- 
and  ubiquitin-dependent  degradation  of  all  short-lived  and  70-90%  of  all  long 
lived  proteins  including  cyclin  A,  B  and  E,  p21  and  p27,  p53,  cJun,  cFos,  and  IkB. 
As  such  a  central  protease  the  26s  proteasome  controls  the  cell  cycle,  signal 
transduction  pathways,  apoptosis  and  major  functions  of  the  immune  system. 
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The  fact  that  CsA  is  a  proteasome  inhibitor  gives  rise  to  the  assumption  that  most 
of  the  immunosuppressive  properties  of  CsA  are  based  on  this  inhibitory  effect, 
causing  a  decrease  of  the  diversity  of  MHC-I  molecules  on  the  cell  surface  of 
target  cells  (3)  as  well  as  apoptotic  death  of  lymphocytes  caused  by  inhibition  of 
the  transcription  factor  NF-kB  (4). 

Recently,  N-benzyloxycarbonyl-L-leucyl-L-leucinal  (zLLal),  a  calpain  inhibitor, 
was  reported  to  cause  accumulation  of  ubiquitinated  P-gp  in  K562 
erythroleukemia  ceils  while  lactacystin,  a  potent  a  highly  selective  proteasome 
inhibitor  had  no  effect,  suggesting  that  calpain  is  involved  in  P-gp-mediated  drug 
efflux  in  mdr1  positive  cells.  However,  ubiquitination  is  usually  restricted  to  26s 
proteasome-mediated  proteolysis.  This  led  us  to  investigate  a  possible  link 
between  this  protease  and  multi-drug-resistance. 
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Material  and  Methods 

Cell  culture 

Primary  porcine  cardiac  fibroblasts  were  obtained  from  fresh  perivascular 
connective  tissue  from  a  porcine  heart.  The  samples  were  minced  and  single 
pieces  placed  into  8.7cm^  cell  culture  dishes.  The  flakes  were  squeezed  under  a 
glass  cover  slip,  and  supplemented  with  Dulbecco's  modified  eagle  medium 
(DMEM;  Cell  Concepts,  Germany)  with  10%  fetal  calf  serum  (PCS;  Life 
Technologies),  L-Glutamine  200mM  (Cell  Concepts),  200  lU/ml 
Penicillin/Streptomycin  (Cell  Concepts),  10  pg/ml  Minocycline  (ICN),  and  10 
pg/ml  Amphotericin  B  (Bristol-Myers  Squibb).  Fibroblasts  started  to  grow  out  of 
the  tissue  on  the  second  day.  Media  was  changed  regularly  3  times  a  week.  To 
increase  the  yield,  some  cover  slips  were  taken  off  after  2  weeks  and  placed  into 
new  dishes.  After  reaching  confluency,  cells  were  trypsinized,  transferred  into  cell 
culture  flasks,  and  subsequently  fed  with  DMEM,  10%  PCS,  200  mM  L- 
Glutamine,  and  100  lU/ml  Penicillin/Streptomycin.  Cells  up  to  the  12^^  passage 
were  used  for  experiments.  KB  8.5  human  epitheloid  carcinoma  ceils  were  a 
generous  gift  from  Dr.  Peter  Hafkemeyer  (University  Clinic  Freiburg,  Germany). 
EVC  304  human  bladder  carcinoma  cells  were  obtained  from  the  German 
Microorganism  And  Tissue  Culture  Collection  (DSMZ,  Braunschweig).  Cells  were 

grown  in  75  cm^  flasks  (Falcon)  at  37°  C  in  a  humidified  atmosphere  at  5  %  CO2. 
The  medium  used  was  DMEM  medium  (Sigma)  supplemented  with  10  %  heat 
inactivated  FCS  (Sigma)  and  1  %  penicillin/streptomycin  (Gibco  BRL).  Every  21 
days  P-gp-positive  KB  8.5  cells  were  selected  by  addition  of  colchicin  (lOng/ml, 
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Sigma).  24  hours  before  drug  treatment  cells  were  plated  into  6-well  plates 
(Costar)  at  a  density  of  10e6  cells/well. 

Drug  treatment 

Stock  solutions  of  all  cytotoxic  drugs  were  obtained  from  the  hospital  pharmacy, 
University  Clinic  Freiburg.  MG-132  (Calbiochem)  was  dissolved  in  DMSO  (10 
mM),  Lactacystin  (Calbiochem)  was  dissolved  in  DMSO  (1  mM)  and  small 
aliquots  (10-30  pi)  were  stored  at  -20°  C.  At  indicated  times  cells  were  washed 
twice  with  PBS  and  the  growth  medium  was  replaced  by  PBS  containing 
Daunorubincin  (16-2  pM),  MG-132  (0.5-50  pM,  0.5%  DMSO)  or  Lactacystin  (5-2 
pM)  respectively.  Control  cells  for  MG-132  and  Lactacystin  treatment  were 
subjected  to  DMSO  treatment  alone  (0.5  %). 

Proteasome  function  assays 

Proteasome  function  was  measured  as  described  previously  (20).  Briefly,  cells 
were  washed  with  PBS,  then  with  buffer  I  (50  mM  Tris,  pH  7.4,  2  mM  DTT,  5  mM 
MgCb,  2  mM  ATP),  and  pelleted  by  centrifugation.  Glass  beads  and 
homogenization  buffer  (50  mM  Tris,  pH  7.4, 1  mM  DTT,  5  mM  MgCb,  2  mM  ATP, 
250  mM  sucrose)  were  added  and  vortexed  for  1  minute.  Beads  and  cell  debris 
were  removed  by  centrifugation  at  1,000g  for  5  minutes  and  lO.OOOg  for  20 
minutes.  Protein  concentration  was  determined  by  the  BCA  protocol  (Pierce). 
lOOpg  protein  of  each  sample  was  diluted  with  buffer  I  to  a  final  volume  of 
lOOOpl.  The  fluorogenic  proteasome  substrate  SucLLVY-7-amido-4- 
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methylcoumarin  (chymotrypsin-like,  Sigma)  was  dissolved  in  DMSO  and  added 
in  a  final  concentration  of  80  pM  in  1%  DMSO.  Cleavage  activity  was  monitored 
continuously  by  detection  of  free  7-amido-4-methylcoumarin  using  a  fluorescence 
plate  reader  (Gemini,  Molecular  Devices)  at  380/460  nm  and  37°  C.  Incubation  of 
7-amido-4-methylcoumarin  (AMC,  2  pM)  with  cytotoxic  drugs  was  carried  out  in 
buffer  I  for  each  sample  in  parallel  and  measurements  of  proteasome  function 
were  corrected  when  necessary. 

Drug  accumulation  assay 

Determination  of  total  cellular  daunorubicin  content  was  carried  out  as  described 
elsewhere  with  some  minor  modifications:  Growth  medium  was  replaced  by  PBS 
and  cells  were  incubated  at  37°  C  for  40  minutes.  PBS  was  replaced  by  fresh 
PBS  containing  daunorubicin  and  MG-132  or  daunorubicin  alone.  In  some 
experiments  cells  were  washed  with  PBS  after  daunorubicin  treatment  and 
incubated  in  PBS  containing  MG-132  for  additional  40  minutes  at  37°  C.  After 
drug  treatment  cells  were  washed  twice  with  PBS,  re-suspended  in  400  pi  50/50 
vol%  ethanol  (100%)  /  HCI  (1M),  vortexed  and  diluted  with  water  to  a  final  volume 
of  1.4  ml.  Fluorescence  was  measured  in  quadruplicates  of  200pl  using  a 
fluorescence  plate  reader  (Gemini,  Molecular  Devices)  at  480/575  nm. 

Transfection 

ECV  304  cells  were  maintained  in  DMEM  (10  %  FSC,  1% 

penicillin/streptomycin).  12  hours  before  transfection  cells  were  trypsinized  and 
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plated  at  a  density  of  250.000  cells/well  into  six-well  plates.  Cells  were 
transfected  with  5pg  of  a  plasmid  (pEGFP-N1,  Clontech)  coding  for  an  ubiquitin- 
R-GFP  fusion  protein  under  control  of  a  CMV  promoter  (5)  (a  kind  gift  from  Dr.  M. 
Masucci,  Karolinska  Institute,  Sweden)  using  the  Superfect  transfection  kit 
(Qiagen)  and  following  the  manufacturer’s  instructions.  Transfected  cells  were 
maintained  in  DMEM  (10%  FSC,  1%  penicillin/streptomycin)  supplemented  with 
500pg/ml  G418  (Sigma)  and  clones  were  obtained.  Expression  of  Ub-R-GFP  was 
analyzed  by  flow  cytometry  (FL1-H,  FACSCalibur,  Becton  Dickinson)  using 
CellQuest  Software  before  and  after  treatment  with  the  proteasome  inhibitor  MG- 
132  (50pM,  Calbiochem)  for  10  hours  at  37°  C.  Clone  #10  (ECV  304/10),  which 
showed  low  background  and  high  expression  of  Ub-R-GFP  after  MG-132 
treatment,  was  used  for  inhibition  experiments. 

RT-PCR 

First-strand  cDNA  was  synthesized  from  1  _g  RNA  by  using  Superscript  II 
reverse  transcriptase  (Gibco  BRL)  and  random  hexamers  (Pharmacia,  Freiburg, 
Germany)  as  primers.  Polymerase  chain  reaction  (PCR)  was  carried  out  in  an 
automatic  thermal  cycler  (PTC  200,  MJ  Research).  1  _l  (5%)  of  resulting  cDNA 
was  amplified  in  25  _l  PCR-reaction-mixtures  using  specific  primers  for  porcine 
VEGF:  VEGF  forward:  5’-AGG  AGA  CCA  GAA  ACC  CCA  CG-3’:  VEGF  reverse: 
5’-CTC  AGT  GGG  CAC  ACA  CTC  C-3’:  fi-actin  forward:  5’-GTC  CCC  ATC  TAC 
GAG  G-3’;  R.-actin  reverse:  5’-GCT  CGT  AGC  TCT  TCT  CC-3’:  (Genescan, 
Germany).  PCR-conditions  for  VEGF:  94_  C  -  53, 4_  C  -  72_  C,  18  cycles.  PCR- 
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conditions  for  ft-actin:  18  cycles,  94_  C  -  42_  C  -  72_  C.  All  PCR-reactions  were  in 
linear  range.  The  amplified  products  were  analyzed  on  0.7%  agarose  gels 
containing  1%  ethidium  bromide.  Photographs  were  digitized  using  a  flatbed 
scanner  (CanoScan  N650U,  Canon).  Densitometry  was  carried  out  using  the 
NIH-lmage  Software  for  Macintosh  Computers  and  the  internal  gel-macro2.  Semi 
quantitative  estimation  was  done  by  comparing  VEGF  to  R-actin  mRNA 


expression. 
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Results 

Verapamil  is  an  inhibitor  of  20s  and  26s  proteasome  function 
A  report  showing  a  pro-angiogenic  effect  of  verapamil  in  a  rat  model  (6)  and  the 
clinical  observation  from  the  second  Danish  Verapamil  Infarction  Trial  II  (DAVIT 
II)  on  1775  patients,  indicating  that  verapamil  significantly  reduced  mortality  and 
re-infarction  rate  (7),  led  us  investigate  a  possible  link  between  verapamil  and  the 
proteasome.  In  fact,  cultures  of  primary  porcine  heart  fibroblasts  exhibited  a 
dose-dependent  14fold  increase  of  VEGF  mRNA  when  treated  with  verapamil  (0 
to  200  pM)  for  16  hours  (Fig.  1).  As  gene  expression  of  VEGF  in  general  is 
dependent  on  stabilization  of  HIF-1a  and  in  turn  stabilization  of  HIF-1a  usually 
occurs  after  inhibition  of  proteasome  function,  we  decided  to  test  if  verapamil  is  a 
direct  inhibitor  of  the  26s  proteasome.  Incubation  of  crude  extracts  of  ECV304 
cells  with  different  concentrations  of  verapamil  (0,  50,  100  and  200  pM)  detected 
a  dose-dependent  inhibition  of  chymotryptic  MG-1 32-sensitive  20s  and  26s 
proteasome  function,  consistent  with  a  direct  inhibitory  effect  of  verapamil  on  the 
proteasome  (Fig.  2). 

Anthracyclins  inhibit  20s  and  26s  proteasome  function  in  a  dose-dependent 
manner 

Vincristine,  vinblastine  and  anthracyclins  are  classical  substrates  of  P-gp  (1 ).  It 
has  be  recently  shown,  that  vinblastine  is  a  proteasome  inhibitor  (8).  Since  two  of 
the  most  commonly  used  P-gp  inhibitors  cyclosporine  A  and  verapamil  (9)  also 
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exhibited  an  inhibitory  effect  on  20s  and  26s  proteasome  function  we  addressed 
the  question  if  anthracyclins  in  general  have  an  inhibitory  effect  on  this  protease. 
When  crude  extracts  of  ECV  304  cells  were  incubated  with  different  doses  of 
doxorubicin  (Fig.  3A/B,  100-0  pM),  daunorubicin  (Fig.  3C/D,  100-0  pM), 
idarubicin  (Fig.  3E/F,  100-0  pM),  epirubicin  (Fig.  3G/H.  100-0  pM)  and 
dactinomycin  (Fig.  31/J,  10  -  0  pM)  we  observed  a  dose  dependent  inhibition  of 
26s  proteasome  function  with  IC50  values  of  65.5  pM  for  doxorubicin,  13.7  pM  for 
daunorubicin,  38.6  pM  for  idarubicin,  29.2  pM  for  epirubicin  and  26  pM  for 
dactinomycin.  In  contast,  topotecan,  mitomycin  C  and  gemcitabine  had  no 
measurable  effect  on  26s  proteasome  function  (data  not  shown).  20s 
proteasome  function  was  inhibited  by  doxorubicin  (IC50  5.8  pM),  idarubicin  (IC50 
92  pM),  epirubicin  (IC50  12.5  pM)  and  dactinomycin  (IC50  19.9  pM)  but  not  by 
daunorubicin.  In  order  to  demonstrate  the  significance  of  this  finding  in  living  cells 
we  incubated  ECV304/10  cells,  stable  transfected  with  an  expression  plasmid  for 
an  ubiquitin-GFP  fusion  protein  with  doxorubicin  (100  pM)  for  12  hours.  When 
analyzed  by  fluorescence  microscopy  the  cells  showed  an  accumulation  of 
doxorubicin  in  a  perinuclear  structure  while  GFP  accumulated  in  the  whole 
cytoplasm  In  a  dose-dependent  manner,  indicating  an  inhibition  of  proteasome 
function  by  doxorubicin  in  living  cells  (Fig.  3K). 

MG-132  treatment  reverts  multi-drug-resistance  in  P-gp  expressing  KB  8-5  cells 
The  human  epitheloid  carcinoma  cell  line  KB  8-5  is  a  well-characterized  tumor 
cell  line  exhibiting  multi-drug-resistance  on  the  basis  of  P-gp  expression.  In  our 
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initial  experiments  we  observed  that  treatment  of  KB  8.5  cells  with  MG-132 
(3.125  to  50pM)  caused  induction  of  apoptosis  within  24  hours,  indicating  that 
MG-132  enters  KB  8-5  cells  and  is  not  eliminated  by  P-gp  function.  This 
observation  was  in  accordance  with  numerous  studies  reporting  induction  of 
apoptosis  in  cancer  cells  by  proteasome  inhibitors  (10)(11-14).  When  KB  8-5 
cells  were  treated  with  different  doses  of  MG-132  and  daunorubicin  (10  pM)  for 
45  minutes  we  found  a  dose-dependent  MG-132-induced  cytoplasmic 
accumulation  of  daunorubicin  (4-fold  increase  at  50pM  MG-132,  Fig.  4). 
However,  treatment  of  KB  8-5  cells  with  the  more  specific  proteasome  inhibitor 
lactacystin  failed  to  alter  daunorubicin  accumulation  (data  not  shown).  To 
exclude  the  possibility  that  lactacystin  is  a  substrate  for  P-gp  and  is  eliminated 
from  cell  by  P-gp  function  we  treated  KB  8-5  cells  with  MG-132  or  lactacystin  for 
3  hours  and  accessed  the  inhibitory  effect  of  both  drugs  on  chymotryptic  26s 
proteasome  function  by  a  fluorogenic  peptide  assay  in  crude  cellular  extracts.  As 
expected,  both  inhibitors  abolished  26s  proteasome  function  (data  not  shown). 
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Discussion 

P-gp  mediated  multi-drug-resistance  is  one  of  the  most  common  causes  of 
chemotherapy  failure  in  cancer  patients.  Numerous  in-vitro  and  in-vivo  studies 
have  been  undertaken  to  circumvent  MDR  pharmacologically  using  P-gp 
modulating  compounds  like  verapamil,  cyclosporine  A,  reserpine,  staurosporine, 
propafenone,  phenoxazine,  chloroquine,  phenothiazine  and  their  derivates 
(reviewed  in  (1)).  However,  non-P-gp-related  site  effects  usually  limit  the  clinical 
usage  of  these  drugs  in  standard  chemotherapy  regimens.  Insights  into  the 
mechanisms  of  MDR-modulation  by  these  compounds  could  offer  the  basis  for 
the  development  of  specific  P-gp  inhibitors.  Our  observation  that  verapamil  has 
inhibitory  effects  on  the  cleavage  activity  of  the  26s  proteasome  and  a  recent 
report  showing  a  comparable  effect  for  vinbastine  (8)  led  us  investigate  the 
effects  of  anthracyclins  on  the  activity  of  this  protease.  We  found  a  dose- 
dependent  inhibitory  effect  on  26s  proteasome  function  for  all  five  anthracyclins 
tested.  Additionally,  except  of  daunorubicin,  anthracyclins  also  inhibited  20s 
chymotryptic  function  in  a  dose-dependent  manner. 

A  direct  inhibitory  effect  of  this  class  of  chemotherapeutics  on  the  proteasome  is 
especially  remarkable  as  tumor  cells  in  general  exhibit  different  expression 
pattern  of  proteasome  subunits  and  a  different  distribution  pattern  of  the 
proteasomes  between  cytoplasm  and  nucleus  when  compared  with  normal  tissue 
cells  (15-17).  Further,  anthracyclins  are  co-transported  into  the  nucleus  along 
with  proteasomes  (18,  19)  and  inhibition  of  proteasome  function  in  tumor  cells  in 
general  induces  apoptosis  (10)  (11-14)  and  sensitizes  the  surviving  cells  to 
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ionizing  radiation  (20,  21).  Direct  inhibition  of  proteasome  function  might 
therefore  be  a  major  mechanism  of  this  class  of  cytotoxic  drugs. 

Mechanistically,  P-gp  modulating  drugs  are  either  high-affinity  substrates  or 
inhibitors  of  ATP-dependent  transport  by  P-gp  (1).  Our  observation,  that 
inhibitors  of  the  26s  proteasome,  the  central  protease  of  the  major  eukaryotic 
ATP-dependent  protein  degradation  pathway,  have  inhibitory  effects  on  P-gp 
function,  could  indicate  that  P-gp  and  the  26s  proteasome  have  overlapping 
substrate  specificities.  Differences  in  proteasome  subunit  expression  and 
patterns  of  proteasome  distribution  between  malignant  and  normal  cells  can 
explain  why  specific  proteasome  inhibitors  like  PS-341  are  clinically  well  tolerated 
(15-17).  Thus,  with  proteasome  inhibitors  entering  first  clinical  trials  (22,  23),  this 
class  of  substances  might  offer  a  new  strategy  to  overcome  P-gp-related  MDR, 
combined  with  direct  cytotoxic  and  radiosensitizing  effects  on  tumors  cells. 
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Fig.  1 

Verapamil  induces  expression  of  VEGF  mRNA  in  porcine  heart  fibroblasts. 
Treatment  of  fibroblasts  with  0,  50,  100  and  200|jM  verapamil  for  16  hours 
caused  a  dose-dependent  increase  in  VEGF  mRNA  expression  (14fold  at 
200pM). 

Fig.  2 

Verapamil  is  an  inhibitor  of  26s  proteasome  function 
Incubation  of  crude  cellular  extracts  of  ECV  304  cells  with  different  doses 
of  verapamil  (50,  60,  80,  100,  200  pM)  inhibited  proteolysis  of  SucLLVY- 
AMC  in  a  dose-dependent  manner,  indicating  an  inhibition  of  26s 
proteasome  function. 

Fig.  3 

Anthracyclins  are  inhibitors  of  proteasome  function 
(A-J)  Incubation  of  crude  cellular  extracts  of  ECV  304  cells  with  different 
doses  of  doxorubicin  (Fig.  3A/B,  100  -  0  pM),  daunorubicin  (Fig.  3C/D,  100 
-  0  pM),  idarubicin  (Fig.  3E/F,  100-0  pM),  epirubicin  (Fig.  3G/H,  100-0 
pM)  and  dactinomycin  (Fig.  31/J,  10-0  pM)  caused  an  inhibition  of  26s 
proteasome  function.  20s  proteasome  was  inhibited  in  case  of  doxorubicin, 
idarubicin,  epirubicin,  dactinomycin  but  not  daunorubicin.  (K)  Incubation  of 
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ECV  304  cells  with  doxorubicin  (100|jM,  16  h),  stable  transfected  with  an 
ubiquitin-GFP  fusion  protein,  caused  accumulation  of  GFP,  indicating  an 
inhibition  of  GFP  in  living  cells. 

Fig.  4 

MG-132  treatment  inhibits  P-gp  function 

Incubation  of  P-gp  expression  KB  8-5  cells  with  increasing  doses  of  MG- 
132  (50,  25,  12.5,  6.25,  OpM)  caused  a  dose-dependent  accumulation  of 
daunorubicin,  indicating  inhibition  of  P-gp  function  by  MG-132. 
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Effect  of  Epirubicine  on  chymotyptic  20S  proteasome 
activity  in  lysates  from  ECV304  bladder  cancer  cells 


Effect  of  Epirubicine  on  chymotryptic  26S  proteasome 
activity  in  lysates  from  ECV304  cells 


Effect  of  Dactinomycine  on  chymotryptic  20S 
proteasome  activity  in  lysates  from  ECV304  cells 
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Accumulation  of  Daunorubicin  in  KB  8.5  Cells 


KB  8.5  cells  that  overexpress  P-gp  cause  dose  dependent  accumulation  of 
drag  after  MG-132  treatment  as  measured  by  fluorescence 
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Abstract 

Background:  Cancer  cells  frequently  show  high  constitutive  activity  of  the  anti-apoptotic 
transcription  factor  NF-kB,  which  results  in  their  enhanced  survival.  Activation  of  NF- 
kB  classically  depends  on  degradation  of  its  inhibitor  iKBa  by  the  26s  proteasome. 
Specific  proteasome  inhibitors  induce  apoptosis  in  cancer  cells  and,  at  non-lethal 
concentrations,  sensitize  cells  to  the  cytotoxic  effects  of  ionizing  radiation  and 
chemotherapeutic  drugs.  Recently,  the  protease  associated  with  the  HIV-I  virus  has  been 
found  to  have  the  same  chymotrypsin-like  cleavage  sites  as  the  proteasome.  For  this 
reason,  we  investigated  whether  the  HIV-I  protease  inhibitor  saquinavir  can  inhibit  NF- 
kB  activation,  block  26s  proteasome  activity  in  prostate  cancer  cells  and  promote  their 
apoptosis.  Material&Methods:  The  effect  of  saquinavir  on  LPS/IFN-y  induced  activation 
of  NF-kB  was  assessed  by  gel-shift  assays  and  by  western  analysis  of  corresponding 
iKBa-levels.  Its  effect  on  20s  and  26s  proteasome  activity  was  analyzed  with  a 
fluorogenic  peptide  assay  using  whole  cell  lysates  from  LnCaP,  DU-145,  and  PC-3 
prostate  cancer  cells  pretreated  with  sequinavir  for  9  hours.  Proteasome  inhibition  in 
living  cells  was  assessed  using  ECV  304  cells  stably  transfected  with  an  expression 
plasmid  for  an  ubiquitin/GFP  fusion  protein  (ECV  304/10).  Apoptosis  was  monitored 
moiphologically  and  by  flow  cytometry. 

Results:  Saquinavir  treatment  prevented  LPS/INF-y  induced  activation  of  NF-kB  in 
RAW  cells  and  stabilized  expression  of  iKBa.  It  inhibited  20s  and  26s  proteasome 
activity  in  lysates  from  LnCaP,  DU- 145  and  PC-3  prostate  cancer  cells  with  an  IC50  of  10 
[iM  and  caused  accumulation  of  a  ubiquitin/GFP  transfusion  protein  in  living  ECV 


3 


304/10  cells.  Incubation  of  human  prostate  cancer  cells  with  saquinavir  caused  a  dose- 
dependent  induction  of  apoptosis. 

Conclusions:  We  conclude  that  saquinavir,  like  ritonavir,  inhibits  proteasome  activity  in 
mammalian  cells  as  well  as  acting  on  the  HIV-I  protease.  As  saquinavir  induced 
apoptosis  in  human  cancer  cells,  HlV-I  protease  inhibitors  might  become  a  new  class  of 
cytotoxic  drugs,  alone  or  in  combination  with  radiation  or  chemotherapy. 
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Introduction 

The  human  immunodeficiency  virus  type  I  (HIV-I)  encodes  for  a  protease  required  for 
the  cleavage  of  the  viral  gag-pol  polyprotein  and  its  inhibition  leads  to  release  of 
noninfectious  virus  particles  (1).  The  development  of  specific  HIV-I  protease  inhibitors 
has  revolutionized  HIV  therapy.  At  present,  5  different  HIV-I  protease  inhibitors  (Pi’s) 
-ritonavir,  saquinivair,  nelfinavir,  indinavir  and  amprenavir-  are  clinically  used  (2).  Bio¬ 
availability  of  at  least  ritonavir,  saquinavir,  and  indinavir  is  limited  by  the  fact  that  they 
are  substrates,  and  in  part  inhibitors  (5),  of  the  same  multi-drug  resistance  gene  product 
(mdr-1)  P-glycoprotein  (4,5)  that  is  a  common  cause  for  failure  of  chemotherapy  in 
cancer  patients. 

The  cleavage  sites  of  action  for  HIV-I  protease  were  once  thought  to  be  unique  and 
distinct  from  those  of  mammalian  proteases.  However,  recently,  the  20s  proteasome  has 
been  shown  to  cleave  the  same  sites  (1).  This  led  us  investigate  whether  saquinavir  is  an 
inhibitor  of  the  20s  proteasome,  as  was  previously  reported  for  ritonavir  (6).  Proteasome 
inhibition  might  contribute  to  some  of  the  effects  of  P.I.s  that  seem  to  be  independent  of 
virus  inhibition,  such  as  its  immune-modulatory  properties  in  HIV  patients  and  its  anti- 
tumoral  action  on  HIV-associated  Kaposi-sarcoma  (6).  We  also  examined  whether 
saquinavir  exhibits  anti -tumoral  effects  in  non-HIV-associated  cancer  of  the  prostate. 
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Material  &  Methods 

Cell  Culture 

Cultures  of  PC3,  LnCaP  and  DU- 145  human  prostate  carcinoma  cells  (American 
Type  Culture  Collection,  Maryland,  USA),  RAW  264.7  murine  macrophages  (a  gift  of 
Dr.  G.  Hildebrandt,  Department  of  Radiation  Oncology,  University  Clinic  Leipzig),  and 
ECV  304  human  bladder  carcinoma  cells  (DSMZ,  Braunschweig)  were  grown  in  75-cm^ 
flasks  (Greiner)  at  37°  C  in  a  humidified  atmosphere  at  5  %  CO2/95  %  air.  Dulbecco’s 
modified  Eagle  medium  (DMEM,  Cell  Concepts,  Freiburg)  and  RPMI  1640  medium 
(|txx)  were  supplemented  with  10%  fetal  calf  serum  (PCS)  and  1% 
penicillin/streptomycin  (Gibco  BRL)  before  use.  Saquinavir  (a  generous  gift  of  Dr. 
Christiane  Moecklinghoff,  Hoffmann  La-Roche,  Grenzach,  Germany)  was  solubilized  in 
ethanol/H20  at  a  concentration  lOmM  and  used  at  concentrations  of  0,  20,  50,  60,  80  and 
lOOjuM.  Controls  received  solvent  only. 

Transfection 

ECV  304  cells  were  maintained  in  DMEM  (10  %FSC,  1% 
penicillin/streptomycin).  12  hours  before  transfection  cells  were  trypsinized  and  plated  at 
a  density  of  250.000  cells/well  into  six-well  plates.  Cells  were  transfected  with  Sjig  of  a 
plasmid  (pEGFP-Nl,  Clontech)  coding  for  an  ubiquitin-R-GFP  fusion  protein  under 
control  of  a  CMV  promoter  (7)  (a  kind  gift  from  Dr.  M.  Masucci,  Karolinska  Institute, 
Sweden)  using  the  Superfect  transfection  kit  (Qiagen)  and  following  the  manufacturer’s 
instructions.  Transfected  cells  were  maintained  in  DMEM  (10%FSC,  1% 
penicillin/streptomycin)  supplemented  with  500jLtg/ml  G418  (Sigma)  and  clones  were 
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obtained.  Expression  of  Ub-R-GFP  was  analyzed  by  flow  cytometry  (FL2-A, 
FACSCalibur,  Becton  Dickinson)  using  CellQuest  Software  before  and  after  treatment 
with  the  proteasome  inhibitor  MG-132  (50/iM,  Calbiochem)  for  10  hours  at  3TC.  Clone 
#10  (ECV  304/10),  which  showed  low  background  and  high  expression  of  Ub-R-GFP 
after  MG-132  treatment,  was  used  for  inhibition  experiments. 

Cell  Extracts  and  Electrophoretic  Mobility  Shift  Assays  (EMSA) 

Cellular  extracts  were  prepared  from  normal  and  saquinavir-treated  cells  by 
dislodging  the  cells  mechanically,  washing  with  ice-cold  phosphate-buffered  saline 
(PBS),  and  lysing  them  in  TOTEX  buffer  (20  mM  HEPES,  pH  7.9,  0.35  mM  NaCl,  20% 
glycerol,  1%  Nonidet  P-40,  0.5  mM  EDTA,  0.1  mM  EGTA,  0.5  mM  dithiothreitol 
(DTT),  50/iM  phenylmethylsulfonyl  fluoride  (PMSF),  and  90  trypsin  inhibitor  units 
(TIU’s)/ml  aprotinin)  for  30  minutes  on  ice.  The  lysate  was  centrifuged  at  12.000  x  g  for 
5  minutes.  Protein  concentration  in  the  supernatant  was  determined  by  the  Micro  BCA 
method  (Pierce).  Fifteen  micrograms  of  protein  were  incubated  for  25  minutes  at  room 
temperature  with  2  pi  of  bovine  serum  albumin  (10  pg/p\),  2  p\  of  dldC  (1  pg/p\),  4p\  of 
Ficoll  buffer  (20%  Ficoll  400,  100  mM  HEPES,  300  mM  KCl,  10  mM  DTT,  and  0.1  mM 
PMSF),  2  pi  of  buffer  D+  (20  mM  HEPES,  20%  glycerol,  100  mM  KCl,  0.5  mM  EDTA, 
0.25%  Nonidet  P-40,  2  mM  DTT,  and  0.1  mM  PMSF),  and  1  p\  of  the  y-^^P-ATP-labeled 
oligonucleotide  (Promega,  NF-kB:  AGTTGAGGGGACTTTCCCAGG).  A  negative 
control  was  prepared  for  one  sample  by  adding  unlabeled  oligonucleotide  in  50-fold 
excess.  Electrophoresis  was  carried  out  in  native  4%  polyacrylamide/0.5fold  TBE 
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(Tris/boric  acid/EDTA)  gels.  Dried  gels  were  placed  on  a  phosphor  screen  for  24  hours 
and  analyzed  on  a  phosphor  imager  (IPR  1500,  Fuji). 

Proteasome  function  assays 

Proteasome  function  was  measured  as  described  previously  (8)  with  some  minor 
modifications.  Briefly,  cells  were  washed  with  PBS,  then  with  buffer  I  (50  mM  Tris,  pH 
7.4,  2  mM  DTT,  5  mM  MgCl2,  2  mM  ATP),  and  pelleted  by  centrifugation.  Glass  beads 
and  homogenization  buffer  (50  mM  Tris,  pH  7.4,  1  mM  DTT,  5  mM  MgCl2,  2  mM  ATP, 
250  mM  sucrose)  were  added  and  cells  were  vortexed  for  1  minute.  Beads  and  cell 
debris  were  removed  by  centrifugation  at  lOOOg  for  5  minutes  and  the  supematent  was 
further  clarified  by  spinning  at  lO.OOOg  for  20  minutes.  Protein  concentration  was 
determined  by  the  Micro  BCA  protocol  (Pierce)  with  BSA  (Sigma)  as  standard.  20  /rg 
protein  of  each  sample  was  diluted  with  buffer  I  to  a  final  volume  of  200  fi\.  To  assess 
26s  function,  fluorogenic  proteasome  substrate  SucLLVY-MCA  (chymotrypsin-like. 
Sigma)  was  dissolved  in  DMSO  and  added  in  a  final  concentration  of  80  [iM  in  (0.8  % 
DMSO).  To  assess  20s  function,  buffer  I  was  replaced  by  buffer  containing  SDS  (20mM 
HEPES,  pH  7.8;  0.5mM  EDTA,  0.03%  SDS)(p|l).  Proteolytic  activity  was  monitored 
continuously  using  a  fluorescence  plate  reader  (Spectra  Max  Gemini  XS,  Molecular 
Devices,  37°  C)  at  380/460  nm  by  release  of  the  fluorescent  group  7-amido-4- 
methylcoumarin  (AMC). 


Immunoblotting 
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Cells  were  lysed  in  RIPA  buffer  (50  mM  Tris-HCl  (pH  7.2),  150  mM  NaCl,  1  % 
Nonidet  P-40,  SDS,  10  mM  PMSF,  aprotinin,  sodium  vanadate).  Protein  concentrations 
were  determined  using  the  Micro  BCA  protocol  (Pierce)  with  BSA  (Sigma)  as  standard. 
10  ^ig  of  protein  were  separated  on  SDS  gel  (0.1%  SDS/12%  polyacrylamide)  and  blotted 
to  PVDF  membranes  at  4°  C.  After  blocking  with  Blotto-buffer  (Tris-buffered  saline, 
0.1%  Tween  20,  5%  skim  milk)  for  one  hour  at  room  temperature  the  membranes  were 
incubated  with  a  polyclonal  antibody  against  iKBa  (0.5|ig/ml,  BD  Pharmingen)  for  one 
hour  at  room  temperature.  A  secondary  HRP-conjugated  antibody  and  the  ECLplus 
system  (Amersham)  were  used  for  visualization. 

Flow  cytometry 

For  assessment  of  Ub-R-GFP  expression,  cells  were  trypsinized,  pelleted  (5 
minutes,  500g)  and  washed  twice  in  PBS.  GFP-content  was  analyzed  by  flow  cytometry 
using  the  CellQiiest  Software  (FLl,  FACSCalihur,  Becton  Dickinson).  The  DNA  profiles 
of  adherent  and  non-adherent  cells  in  drug-treated  populations  were  analyzed  by  flow 
cytometry  using  CellQuest  Software  (FL2-A,  FACSCalihur,  Becton  Dickinson).  Cells 
were  washed  in  PBS  and  fixed  overnight  in  ice-cold  75  %  ethanol.  The  next  day,  cells 
were  washed  in  PBS.  The  cell  pellet  was  incubated  with  |.mg/ml  RNAse  A  and  |% 
propidium  iodide  for  10  minutes  and  washed  in  PBS  before  examination. 
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Results 

Saquinavir  prevents  activation  of  transcription  factor  NF-kB 

NF-kB  signaling  is  normally  dependent  on  proteasomal  degradation  of  the 
binding  inhibitor  iKBa  and  is  prevented  by  treatment  of  cells  with  proteasome  inhibitors 
(9).  Murine  RAW  264.7  macrophages  respond  strongly  with  NF-kB  activation  to 
treatment  with  LPS  (0.1  /ig/ml)  and  IFN-y  (100  U/ml)  for  6  hours.  This  model  was 
therefore  used  to  determine  if  simultaneous  addition  of  different  concentrations  of 
saquinavir  (0,  6.25,  12.5,  25  and  50  pM)  affected  the  activation  process.  When  total 
cellular  lysates  were  analyzed  at  6  hours,  we  found  a  dose-dependent  inhibitory  effect  of 
saquinavir  on  constitutive  and  LPS/IFN-y  induced  increase  of  NF-kB  DNA-binding 
activity  (Fig.  1A|  (it  has  a  diagonal  line  on  it  -  can  you  erase?).  This  inhibition  coincided 
with  accumulation  of  iKBa  indicating  involvement  of  the  classical  activation  pathway  of 
NF-kB  by  proteasome-dependent  degradation  of  IkB  (Fig.  IB).  Similar  results  were 
observed  for  human  PCS  prostate  cancer  cells  (data  not  shown).  fS  THIS  PK| 

Saquinavir  is  an  inhibitor  of  the  26s  proteasome 

We  have  previously  shown  that  prostate  cancer  cells  have  been  shown  to  express 
high  constitutive  levels  of  NF-kB  that  can  be  blocked  by  treatment  with  proteasome 
inhibitors  |rej5-  The  ability  of  saquinavir  to  inhibit  proteasome  function  was  examined  by 
incubating  cellular  extracts  of  PC-3,  DU- 145  and  LnCaP  prostate  cancer  cells  with 
different  concentrations  of  the  drug  (100,  50,  25,  12.5,  6.25,  3,125,  1.6,  0  pM)  for  45 
minutes  (pfMjE?).  Chymotryptic  20s  and  26s  proteasome  activities  were  continuously 
monitored  by  the  release  of  7-amido-4-methylcoumarin  (AMC)  from  the  fluorogenic 
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proteasome  substrate  SucLLVY-AMC.  Saquinavir  inhibited  the  function  of  both  26s 
(Fig.  2  A,  B,  C)  and  20s  (Fig  D)  proteasome  preparations  in  a  dose  dependent  fashion. 
The  IC50  was  10/itM.  In  contrast,  when  PC-3  and  LnCaP  cells  were  treated  with 
saquinavir  supplemented  media  for  45  minutes  and  the  extracts  then  tested  for 

activity,  the  IC50  was  about  80/xM  (Fig  2  E  and  F).  The  difference  in  the  ability  of 
sequinavir  to  inhibit  proteasome  activity  in  whole  cells  and  in  extracts  is  probably  due  to 
its  bioavailability,  which  may  be  adversely  affected  by  saquinavir  being  a  substrate  of  the 
mdr-1  gene  product  p-glycoprotein,  which  is  expressed  at  high  levels  in  prostate  cancer 
cells  {10) 

To  confirm  that  saquinavir  can  inhibit  proteasome  activity  in  cells,  ECV  304  cells 
transfected  with  ubiquitin-R-GFP  fusion  protein  (clone  10)  were  treated  for  12  hours  with 
media  supplemented  with  different  concentrations  of  saquinavir  and  incubated  for 
additional  9  hours.  Subsequent  flow  cytometric  analysis  revealed  a  dose  dependent 
increase  in  GFP-positive  cells  from  initially  0.38  %  (0  pM)  to  0.45  (20  pM),  14.8  (50 
pM),  17.3  (60  pM),  20.9  (80  pM)  and  19.7  (100  pM)  (Fig.  3). 

Saquinavir  induces  apoptosis  in  PC-3  prostate  cancer  cells 

One  of  the  many  consequences  of  proteasome  inhibition  is  induction  of  apoptosis 
{11).  The  ability  of  saquinavir  treatment  to  achieve  this  endpoint  was  therefore  tested.  In 
PC-3  cells,  lOOpM  induced  apoptosis  starting  within  60  minutes.  By  3  hours  all  cells 
showed  typical  morphological  criteria  of  apoptosis  (Fig.  4A).  Most  PC3  cells  tolerated  up 
to  50pM  for  over  24  hours,  but  60pM  induced  considerable  apoptosis  by  this  time  point. 
By  48  hours,  PC3  cells  showed  an  increase  of  the  apoptotic  (sub-Gl)  fraction  from  10.4% 
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(0  jtiM)  to  48.2%  (50/tM),  55.7%  (60  /tM)  and  78.2%  (80jaM)  (Fig.  4B).  Saquinavir 
treatment  also  induced  apoptosis  in  DU-145  cells  (data  not  shown),  although  with 
delayed  kinetics  starting  24  hours  after  drug  addition. 
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Discussion 

The  ubiquitin/26s  proteasome  pathway  is  the  major  non-lysosomal  proteolytic 
pathway  in  mammalian  cells.  It  is  responsible  for  the  degradation  of  all  short-lived  (72) 
and  70  to  90%  of  all  long-lived  proteins  (12,13).  Inhibition  of  proteasome  function  has 
been  shown  to  induce  apoptosis  in  cancer  cells  (14-20),  and  partial  inhibition  sensitizes 
surviving  cells  to  the  cytotoxic  effects  of  ionizing  radiation  and  chemotherapeutic  drugs 
(16,21).  Proteolysis  by  the  ubiquitin/26s  proteasome  pathway  is  an  important  component 
of  regulation  of  important  cellular  functions  like  signal  transduction,  cell  cycle  control, 
and  immune  responses  (22).  Interestingly,  the  20s  core  unit  of  the  proteasome  is  the  only 
mammalian  protease  known  so  far  to  share  specific  cleavage  action  sites  with  the  HIV-I 
protease,  which  may  be  a  pathogenic  mechanism  adopted  by  the  virus.  A  recent  report 
indicated  that  the  HIV-I  protease  inhibitor  ritonavir  inhibits  20s  proteasome  function 
(23).  Here,  we  investigated  the  effect  of  the  HIV-I  protease  inhibitor  saquinavir,  which  is 
clinically  less  toxic  (7),  on  20s  and  26s  proteasome  function  and  the  possible 
physiological  consequences  of  such  inhibition  in  human  cancer  cells. 

Prostate  cancer  cells  in  general  show  elevated  constitutive  DNA-binding  activity  of  the 
anti-apoptotic  transcription  factor  NF-kB  (24,25)  and  we,  and  others,  and  we  have 
demonstrated  that  inhibition  of  NF-kB  induces  apoptosis  in  cancer  cells  (14,18,24,26). 
NF-kB  is  a  hetero-  or  homodimer  of  the  subunits  p50,  p52,  p65/RelA,  c-Rel,  and  Rel-B. 
It  is  sequestered  preformed  in  the  cytosol  by  inhibitor  molecules  of  the  IkB  family. 
Activation  of  this  pathway  is  normally  achieved  by  phosphorylation,  polyubiquitination 
and  subsequent  degradation  by  the  26s  proteasome  of  one  of  its  most  important 
inhibitors,  IkBoc.  Degradation  of  iKBa  frees  NF-kB  for  translocation  to  the  nucleus  and 
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activation  of  its  target  genetic  programs  (reviewed  in  (27)).  We  have  shown  that  the  HIV- 
I  protease  inhibitor  saquinavir  blocks  NF-kB  activation  in  the  murine  RAW  macrophage 
and  human  PC-3  prostate  cancer  cell  lines  and  stabilizes  iKBa  in  a  dose-dependent 
fashion.  Since  activation  of  NF-kB  is  an  important  precondition  for  replication  and 
persistence  of  HIV  (28),  this  suggests  a  pathway  for  action  of  saquinavir  that  is 
independent  of  direct  viral  protease  inhibition. 

Saquinavir,  like  ritonavir,  was  shown  to  directly  inhibit  20s  and  26s  proteasome  function 
in  vitro.  Since  inhibition  of  both  26S  and  20S  function  showed  similar  drug 
concentration  dependency,  we  conclude  that  it  acts  on  the  20s  core  unit  of  the 
proteasome.  Treatment  of  cells  with  sequinavir  also  inhibited  proteasome  function, 
although  the  IC50  was  markedly  higher,  perhaps  because  saquinavir  is  a  substrate  for  the 
multi-drug  resistance  (mdr-1)  gene  product  P-glycoprotein,  which  is  highly  expressed  in 
PC-3  human  prostate  cancer  cells  |ref).  Physiological  inhibition  of  proteasome  function 
by  saquinavir  was  demonstrated  by  the  finding  of  a  dose-dependent  accumulation  of  the 
Ub-R-GFP  reporter  of  proteasome  function  (7)  in  living  ECV  304  cells  stably  transfected 
with  this  construct. 

A  physiological  consequence  of  sequinavir  treatment  of  PC-3  and  DU- 145  prostate 
cancer  cells  was  apoptosis,  which  occurred  with  doses  that  were  similar  to  those  needed 
to  inhibit  proteasome  function.  These  data  are  consistent  with  the  hypothesis  that 
saquinavir-induced  apoptosis  is  the  result  of  inhibition  of  proteasome  function  and  the 
blocking  of  NF-kB  activation.  We  have  previously  shown  that  inhibition  of  NF-kB 
activation  in  these  cell  lines  by  transduction  with  an  IkB  super-repressor  gene  also  results 


in  apoptosis  (16). 
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The  ubiquitin/26s  proteasome  has  recently  been  identified  as  a  novel  target  for  cancer 
therapy  {16,19,29,30).  As  inhibition  of  proteasome  function  in  general  sensitizes  tumor 
cells  to  ionizing  radiation  {16,21)  and  HIV-I  protease  inhibitors  have  been  shown  to 
inhibit  P-glycoprotein-mediated  multi-drug  resistance  (5),  HIV-I  protease  inhibitors 
might  become  new  class  of  chemotherapeutic  agents  in  radio-chemotherapy.  The  use  of 
radiation  therapy  with  ‘baby-doses’  of  ritonavir  might  overcome  the  problem  of  low  bio¬ 
availability  of  the  drug  {31). 
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Figure  legends 
Fig.  1 

Saquinavir  inhibits  activation  ofNF-KB 

(A)  RAW  264.7  macrophages  were  stimulated  with  LPS  (O.l/tg/ml)  and  IFN-y 
(lOOU/ml)  for  6  hours  in  the  presence  or  absence  of  different  concentrations  of  saquinavir 
and  cell  extracts  were  analyzed  for  NF-kB  expression  by  EMSA.  Lane  1:  negative 
control  with  unlabeled  oligonucleotide  added  in  50fold  molar  excess;  lane  2:  control 
unstimulated  cells;  lane  3:  cells  stimulated  with  LPS/IFN-y  in  the  absence  of  saquinavir; 
lane  4  to  7:  cells  stimulated  with  LPS/IFN-y  in  the  presence  of  saquinavir  (lane  4:  50/iM; 
lane  5:  25jLtM;  lane  6:  12.5/iM;  lane  7:  6.25^iM).  (B)  Western  blot  analysis  for  iKBa  in 
cell  extracts  from  RAW  264.7  macrophages  stimulated  with  LPS  (O.l/tg/ml)  and  IFN-y 
(lOOU/ml)  for  6  hours  in  the  presence  or  absence  of  different  concentrations  of 
saquinavir.  jLanei...iarri  not  sure  of  the  treatments  ■ 

Fig.  2 

Saquinavir  is  20s  proteasome  inhibitor 

Chymotryptic  26s  and  20s  proteasome  activity  in  lysates  from  PC-3,  DU- 145  and 
LnCaP  human  prostate  cancer  cells.  Cellular  extracts  from  PC-3  (A),  DU-145  (B)  and 
LnCaP  (C)  cells  were  incubated  with  different  doses  of  saquinavir.  Chymotryptic  26s 
proteasome  activity  was  assessed  using  a  fluorogenic  peptide  assay  with  the  specific 
proteasome  substrate  SucLLVY-MCA.  Release  of  the  fluorogenic  compound  7-amido-4- 
methyl-cumarin  was  monitored  continuously  in  a  fluorescence  plate  reader  (excitation 
380  nm,  emission  460  nm).  The  specificity  of  the  cleavage  reaction  was  demonstrated  by 
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addition  of  the  proteasome  inhibitor  MG- 132  (Fig.  2  C,  50/tM).  Saquinavir  inhibited 
chymotryptic  26s  proteasome  activity  in  all  3  cell  lines  in  a  dose-dependent  manner. 
Saquinavir  also  inhibited  chymotryptic  20s  proteasome  activity  in  LNCaP  cells  (Fig2  D), 
indicating  an  effect  on  the  20s  core  unit  rather  than  on  the  19s  regulatory  unit.  The 
inhibitory  effect  was  also  observed  when  cells,  rather  than  extracts,  were  incubated  in 
growth  media  supplemented  with  different  concentrations  of  saquinavir  for  45  minutes 
(Fig.  2  E  and  F),  indicating  that  saquinavir  enters  the  cells,  although  the  concentration  of 
drug  needed  was  higher. 

Fig.  3 

Saquinavir  causes  accumulation  of  the  Ub-R-GFP  reporter  of  proteasomal  function 

Flow  cytometric  analysis  of  ECV  304  cells  stably  transfected  with  Ub-R-GFP 
reporter  of  proteasomal  function.  Incubation  with  different  concentrations  of  saquinavir 
for  9  hours  causes  a  dose-dependent  accumulation  of  Ub-R-GFP  in  cells.  Positive  cells 
are  detected  in  the  upper  right  quadrant.  The  number  of  positive  cells  and  their  average 
fluorescence  are  indicated. 

Fig.  4 

Saquinavir  induces  apoptosis  in  human  prostate  cancer  cells 

(A)  DNA  content  of  PC-3  prostate  cancer  cells  incubated  for  48  hours  with 
different  concentrations  of  saquinavir  as  determined  by  propidium  iodide  staining  of 
ethanol-fixed  cells.  Incubation  with  saquinavir  caused  dose-dependent  induction  of 
apoptosis.  The  percentage  of  apoptotic  cells  in  the  pro-Gl  peak  is  indicated.  (B) 
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Incubation  of  PCS  cells  with  100/xM  saquinavir  caused  a  rapid  induction  of  apoptosis 
within  hours.  Cell  showed  membrane  blebbing  and  chromatin  condensation  as  early  as  3 
hours  after  start  of  incubation. 
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Abstract 

Ionizing  radiation  shares  with  cytokines,  such  as  TNF-a,  an  ability  to  generate 
free  radicals  in  cells  and  activate  downstream  pro-inflammatory  responses 
through  NF-KB-dependent  signal  transduction  pathways.  Support  for  the  role  of 
free  radicals  in  triggering  such  responses  comes  from  the  use  of  free  radical 
scavengers  like  N-acetyl-L-cysteine  (NAC).  The  nature  of  the  link  between  free 
radical  generation  and  NF-kB  activation  is  however  unclear.  In  this  study,  we 
explore  the  possibility  that  scavenging  of  free  radicals  by  NAC  might  not  be  the 
mechanism  by  which  it  inhibits  NF-kB  activation,  but  rather  that  NAC  acts 
through  inhibition  of  proteasome  function. 

The  effect  of  NAC  on  the  chymotryptic  function  of  the  26s  and  20s  proteasome 
complex  was  measured  in  extracts  from  EVC304  bladder  carcinoma  cells  by 
assessing  degradation  of  fluorogenic  substrates.  NAC  inhibited  26s  but  not  20s 
proteasome  activity,  suggesting  that  it  interferes  with  19s  regulatory  subunit 
function.  NAC  blocked  radiation-induced  NF-kB  activity  in  ECV  304  cells  and 
RAW  264.7  macrophages,  as  measured  by  a  gel  shift  assay,  at  doses  that 
inhibited  proteasome  activity.  This  provides  a  possible  mechanism  whereby  NAC 
could  block  NF-kB  activation  and  affect  the  expression  of  other  molecules  that 
are  dependent  on  the  ubiquitin/proteasome  system  for  their  degradation,  other 
than  by  scavenging  free  radicals. 


Keywords:  NF-kB,  radiation  effects,  N-acetyl-L-cysteine,  radical  scavenger 
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Introduction 

The  free  radical  scavenger  N-acetyl-L-cysteine  (NAC)  is  used  clinically  for  a 
broad  spectrum  of  indications  including  mucolysis,  detoxification  after 
acetaminophen  poisoning,  adult  respiratory  distress  syndrome  (ARDS), 
hyperoxia-induced  pulmonary  damage,  HIV  infection,  cancer,  and  heart  disease 
[1-4].  Free  radicals  are  critical  in  the  determination  of  protein  structure,  regulation 
of  enzyme  activity,  protein  phosphorylation,  and  control  of  transcription  factor 
activity  and  binding  and  NAC  is  often  used  to  explore  their  role  in  these  effects. 
However,  despite  its  frequent  use  and  the  enormous  clinical  knowledge  about 
this  drug,  free  radical  scavenging  is  often  assumed  to  be  the  mechanism  by 
which  it  brings  about  its  effects  although  its  exact  targets  are  unknown.  For 
example,  it  is  unclear  how  NAC  acts  to  down-regulate  expression  of  the 
transcription  factor  NF-kB,  which  is  a  major  mediator  of  inflammatory  responses 
and  controls  expression  of  a  large  variety  of  genes  encoding  cytokines,  growth 
factors,  acute  phase  proteins,  and  cell  adhesion  and  immunoregulatory 
molecules  [5,  6]. 

The  findings  that  NAC  prevents  NF-kB  activation  in  response  to  a  variety  of 
signals,  including  TNF-a  and  ionizing  radiation  [7,  8]  are  generally  taken  as 
support  for  the  involvement  of  free  radicals  in  the  process.  TNF-a  is  thought  to 
mediate  both  signal  transduction  and  its  cytotoxic  effects  through  reactive  oxygen 
intermediates  (ROI).  However,  there  is  evidence  that  the  lipoxygenase  pathway 
may  be  more  important  than  free  radicals  in  mediating  the  latter  [9].  Furthermore, 
some  of  the  effects  of  NAC,  like  the  G1 -arrest  described  by  Sekharam  and 
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colleagues  [10],  are  not  easily  explained  through  a  simple  mechanism  involving 
direct  scavenging  of  free  radicals. 

NF-kB  is  a  family  of  homo-  or  hetero-dimers  of  proteins  of  the  RelA/NF-xB  family. 
They  pre-exist  in  the  cytosol,  bound  to  inhibitor  molecules  (IkB)  that  prevent 
nuclear  translocation  of  the  complex.  Classically,  upon  appropriate  signaling,  IkB 
is  phosphorylated  at  two  serine  sites  (ser32,  ser36)  by  specific  kinases  (IKK), 
poly-ubiquitinated  and  degraded  by  the  26s  proteasome.  This  releases  NF-kB 
and  allows  nuclear  translocation  followed  by  initiation  of  transcription  of 
dependent  genes  (for  a  review  see  [11]).  Degradation  of  IkB  by  the  26s 
proteasome  is  a  mandatory  step  for  NF-kB  activation  in  response  to  most 
signals.  The  26s  proteasome  is  a  large  protease  of  2MDa  that  consists  of  a 
cylindrical  20s  core  particle  formed  by  4  rings  each  with  seven  alpha  and  beta 
subunits.  The  inner  two  rings  form  the  catalytic  site  of  the  complex.  These  exhibit 
5  distinct  cleavage  activities  [12].  Activity  is  regulated  over  a  wide  range  by 
substitution  of  constitutive  beta-subunits  by  interferon-inducible  subunits  LMP2, 
LMP7  and  MECL-1  [13,  14]  and  by  19s  regulatory  and  11s  activator  units  that 
control  substrate  access,  de-ubiquitination,  and  substrate  linearization  [15]. 

ATP-  and  ubiquitin-dependent  protein  degradation  by  the  26s  proteasome  is  one 
of  the  most  important  degradation  pathways  of  mammalian  cells.  The  rate  of 
degradation,  as  well  as  the  rate  of  synthesis,  regulates  intracellular  levels  of 
proteins  like  p53,  IkB,  cJun,  cFos  and  cyclins  A,  B  and  E,  p21  and  p27  [16,  17].  It 
therefore  controls  cellular  responses  in  many  physiological  and 
pathophysiological  conditions  [12].  It  plays  an  additional  important  role  in  the 
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immune  system  by  determining  the  peptides  that  are  expressed  on  the  cell 
surface  in  association  with  MHC  class  I  molecules  [18-20].  Similarities  between 
many  of  the  effects  attributed  to  NAC  and  those  that  follow  inhibition  of  the 
ubiquitin-proteasome  pathway  led  us  to  investigate  a  possible  direct  effect  of 
NAC  on  26s  proteasome  function  using  a  well-established  in  vitro  model  for 
inflammatory  responses.  Our  findings  highlight  an  additional,  and  possibly  major, 
pharmacological  aspect  of  this  frequently  used  drug. 
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Material  &  Methods 

Cell  culture 

Cultures  of  ECV  304  human  bladder  carcinoma  cells  (DSMZ,  Braunschweig, 
Germany),  SiHa  cervical  carcinoma  cells  (ATCC)  and  RAW  264.7  murine 
macrophages  (a  generous  gift  of  Dr.  Guido  Hildebrandt,  Department  of  Radiation 

2 

Oncology,  University  Leipzig)  were  grown  in  75  cm  flasks  (Falcon)  at  37°  C  in  a 
humidified  atmosphere  at  5  %  CO2.  ECV  304  cells  are  a  variant  of  the  T-24 
bladder  carcinoma  [21],  it  exhibits  many  endothelial  characteristics  [22],  and  is 
often  used  as  a  model  for  inflammatory  responses  [23-25],  because  it’s  response 
to  inflammatory  stimuli  is  reminiscent  of  that  of  endothelial  cells.  It  shows 
constitutive  activation  of  the  NF-kB  signal  transduction  pathway  [26].  The  media 
used  was  DMEM  (Gibco  BRL)  supplemented  with  10  %  FCS,  1  % 
penicillin/streptomycin  (Gibco  BRL). 

Transfection 

ECV  304  cells  were  maintained  in  DMEM  (10  %  FCS,  1% 
penicillin/streptomycin).  12  hours  before  transfection  cells  were  trypsinized  and 
plated  at  a  density  of  250.000  cells/well  into  six-well  plates.  Cells  were 
transfected  with  5  pg  of  a  plasmid  (pEGFP-NI,  Clontech)  coding  for  an  ubiquitin- 
R-GFP  fusion  protein  under  control  of  a  CMV  promoter  [27]  (a  kind  gift  from  Dr. 
M.  Masucci,  Karolinska  Institute,  Sweden)  using  the  Superfect  transfection  kit 
(Qiagen)  and  following  the  manufacturer’s  instructions.  Transfected  cells  were 
maintained  in  DMEM  (10  %  FCS,  1%  penicillin/streptomycin)  supplemented  with 
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500[jg/ml  G418  (Sigma)  and  clones  were  obtained.  Expression  of  Ub-R-GFP  was 
analyzed  by  flow  cytometry  (FL1-H,  FACSCalibur,  Becton  Dickinson)  using 
CellQuest  Software  before  and  after  treatment  with  the  proteasome  inhibitor  MG- 
132  (50  pM,  Calbiochem)  for  10  hours  at  37°  C.  Clone  #10  (ECV  304/10),  which 
showed  low  background  and  high  expression  of  Ub-R-GFP  after  IVIG-132 
treatment,  was  used  for  inhibition  experiments. 

Drug  treatment 

NAC  (Sigma)  was  dissolved  in  phenol-red-free  PBS.  The  pH  of  the  MAC  solution 
was  adjusted  to  pH  7.5.  In  proteasome  function  assays,  the  drug  was  added  to 
the  reaction  mixture  immediately  before  measurements  were  started.  In  gel  shift 
experiments,  media  was  removed  60  minutes  prior  to  irradiation  and  replaced  by 
phenol-red-free  PBS  supplemented  with  the  drug  or  carrier. 

Proteasome  function  assays 

Proteasome  function  was  measured  as  described  previously  [28]  with  some 
minor  modifications.  Briefly,  cells  were  washed  with  PBS,  then  with  buffer  I  (50 
mM  Tris,  pH  7.4,  2  mM  DTT,  5  mM  MgCl2,  2  mM  ATP),  and  pelleted  by 
centrifugation.  Glass  beads  and  homogenization  buffer  (50  mM  Tris,  pH  7.4,  1 
mM  DTT,  5  mM  MgCb,  2  mM  ATP,  250  mM  sucrose)  were  added  and  cells  were 
vortexed  for  1  minute.  Beads  and  cell  debris  were  removed  by  centrifugation  at 
lOOOg  for  5  minutes  and  lO.OOOg  for  20  minutes.  Protein  concentration  was 
determined  by  the  Micro  BCA  protocol  (Pierce)  with  BSA  (Sigma)  as  standard. 
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20  |jg  protein  of  each  sample  was  diluted  with  buffer  I  to  a  final  volume  of  200  pi. 
The  fluorogenic  proteasome  substrates  SucLLVY-MCA  (chymotrypsin-like, 
Sigma),  Z-Leu-Leu-Leu-AMC  (Calbiochem)  and  Boc-Val-Leu-Lys-AMC  (trypsin¬ 
like,  Sigma)  were  dissolved  in  DMSO  and  added  in  a  final  concentration  of  80  pM 
in  (0.8  %  DMSO).  Proteolytic  activity  was  monitored  continuously  by  the  release 
of  the  fluorescent  group  7-amido-4-methylcoumarin  (AMC)  measured  in  a 
fluorescence  plate  reader  (Spectrafluor,  Tecan  and  Spectra  Max  Gemini  XS, 
Molecular  Devices,  37°  C)  at  380/460  nm.  In  control  experiments  using 
lactacystin  (10pM)  and  MG-132  the  chymotryptic  activity  of  the  lysates  was 
always  inhibited  by  more  than  90%,  indicating  that  the  observed  cleavage  activity 
was  mainly  based  on  proteasome  function. 

Irradiation 

Cells  were  plated  into  Petri  dishes.  After  24  hours  the  cells  were  pre-incubated 
with  NAC  for  60  minutes.  Cells  were  irradiated  at  room  temperature  using  a 
^^^Cs-laboratory  irradiator  (JL  Shephard,  Mark  I,  dose  rate  of  5.80  Gy/min  and 
IBL  637,  CIS  bio  international,  dose  rate  of  0.78  Gy/min).  Corresponding  controls 
were  sham  irradiated. 

Electrophoretic  mobility  shift  assays 

Cells  were  dislodged  mechanically,  washed  with  ice-cold  PBS,  and  lysed  in 
TOTEX-buffer  (20mM  HEPES  (pH  7.9),  0.35mM  NaCI,  20%  glycerol,  1%  NP-40, 
0.5  mM  EDTA,  0.1  mM  EGTA,  0.5mM  DTT,  PMSF  and  aprotinin)  for  30  minutes 
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on  ice.  Lysates  were  centrifuged  at  12.000g  for  5  minutes.  Protein  concentration 
was  determined  using  the  BCA  protocol  (Pierce)  with  BSA  (Sigma)  as  standard. 
15  pg  protein  of  the  resulting  supernatant  was  incubated  for  25  minutes  at  room 
temperature  with  2  pi  BSA  (10  pg/pl),  2  pi  dldC  (1  pg/pl),  4pl  Ficoll-buffer  (20% 
Ficoll  400,  lOOmM  HEPES,  300  mM  KCI,  10  mM  DTT,  0.1  mM  PMSF),  2  pi  buffer 
D+  (20mM  HEPES,  20%  glycerol,  100  mM  KCI,  0.5  mM  EDTA,  0.25%  NP-40,  2 
mM  DTT,  0.1  mM  PMSF)  and  1  pi  of  the  [y^^P]-ATP  labeled  oligonucleotide 
(Promega,  NF-kB:  AGT  TGA  GGG  GAC  TTT  CCC  AGG).  For  negative  controls, 
unlabeled  oligonucleotide  was  added  in  50-fold  excess.  Gel  analysis  was  carried 
out  in  native  4%  acrylamide/0.5  %  TBE  gels.  Dried  gels  were  placed  on  a 
phosphor  imaging  screen,  which  was  analyzed  24  hours  later  (Storm  860, 
Molecular  Dynamics  and  IPR  1500,  Fuji). 

Immunoblotting 

Cells  were  washed  with  PBS  and  lysed  in  RIPA  buffer  (50  mM  Tris-HCI  (pH  7.2), 
150  mM  NaCI,  1  %  Nonidet  P-40,  SDS,  1%  protease  inhibitor  cocktail  (P8340, 
Sigma)).  Protein  concentrations  were  determined  using  the  BCA  protocol  (Pierce) 
with  bovine  serum  albumin  as  standard.  20  pg  of  protein  were  subjected  to  SDS 
gel  electrophoresis  (0.1%  SDS/7.5%  polyacrylamide)  and  blotted  to  PVDF 
membranes.  After  blocking  with  5%  skim  milk  in  PBS,  Equity  of  loading  was 
confirmed  using  a  monoclonal  antibody  against  a-tubulin  (mouse  anti  human, 
CP06,  1:20.000,  Oncogene).  Membranes  were  stripped  and  incubated  with  a 
monoclonal  antibody  against  human  p53  (mouse  anti  human,  OP43,  O.lpg/ml, 
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Oncogene),  a  polyclonal  antibody  against  murine  and  human  IkBo  (rabbit  anti¬ 
mouse,  554135,  1:20.000,  BD)  and  a  monoclonal  murine  antibody  against  poly- 
ubiquitinated  proteins  (1:5.000,  clone  FK2,  Affinity).  Secondary  HRP-conjugated 
antibodies  (rabbit  anti-mouse  (Dianova)  and  goat  anti-rabbit  (DAKO),  1:20.000) 
and  the  ECL  Plus  System  (Amersham)  were  used  for  visualization. 
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Results 

NAC  is  a  free  radical  scavenger  that  has  been  shown  to  prevent  NF-kB  activation 
in  response  to  a  variety  of  stimuli  [7,  29-31].  We  confirmed  this  in  ECV  304  and 
RAW  264.7  cells,  using  a  gel  shift  assay.  As  shown  in  Fig.  1,  NF-kB  was 
activated  in  ECV  304  (A)  and  RAW  264.7  (B)  cells  1  hour  after  irradiation  with 
30Gy.  Pretreatment  of  cells  with  NAC  (0,  7.5,  15  and  30  mM)  for  60  minutes 
inhibited  radiation-induced  NF-kB  activity  in  ECV  304  and  RAW  264.7  cells  in 
dose-dependent  manner.  The  activation  of  NF-kB  by  ionizing  radiation  in  RAW 
264.7  macrophages  was  restricted  to  an  increase  of  free  p50/p65  heterodimers. 
Pre-incubation  of  RAW  264.7  cells  with  NAC  prevented  this  induction  but  left 
constitutive  p50/p50  homodimer  activity  unchanged.  Similar  inhibition  could  be 
achieved  by  using  the  proteasome  inhibitor  MG-132  (Fig  1C). 

To  investigate  a  possible  relationship  between  NAC  and  proteasome  function,  we 
examined  its  effects  on  the  chymotryptic  cleavage  activity  of  the  20s  and  26s 
proteasome  in  ECV  304  cells.  An  assay  previously  published  by  Glas  and 
colleagues  [28]  was  used  to  monitor  proteasome  activity.  This  assay  utilizes 
fluorogenic  peptides  to  measure  the  specific  cleavage  activities  of  the  26s 
proteasome.  Addition  of  NAC  at  concentration  of  0,  0.5,  1,  2,  4,  7.5,  15  and  30 
mM  to  proteasome  extracts  from  ECV  304  cells  resulted  in  a  dose-dependent 
inhibition  (r^  =  0.85)  of  chymotrypsin-like  26s  proteasome  activity.  At  30  mM 
NAC  inhibited  chymotryptic  activity  to  43.9  ±  1 .2  %  (mean  ±  standard  deviation, 
p<0.01,  two-sided  t-test)  of  baseline  cleavage  rates  (closed  symbols,  Fig.2A)  and 
tryptic-  and  L3-cleavage  activity  of  the  26s  proteasome  to  80.2  ±5.1  %  and  34.8 
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±  0.5  %  (mean  ±  standard  deviation)  (Fig.  2B).  20s  proteasome  activity  can  be 
monitored  by  performing  the  assay  in  the  presence  of  0.03%  SDS  and  in  the 
absence  of  ATP  [32].  NAC  did  not  decrease  cleavage  activity  under  these 
conditions,  but  rather  slightly  increased  it  at  higher  concentrations  (open 
symbols,  Fig.  2A). 

To  confirm  the  effects  of  NAC  of  proteasome  inhibition,  ECV304/10  cells  stably 
transfected  with  an  expression  plasmid  for  an  Ub-R-GFP  fusion  protein  were 
used.  Under  standard  conditions  the  GFP  protein  is  rapidly  degraded  by  the  26s 
proteasome.  After  inhibition  of  proteasome  function  GFP  accumulates  in  up  to  20 
%  of  the  cells  [27].  Incubation  with  NAC  (15  mM)  for  24  hours  caused  an 
increase  of  the  GFP-positive  fraction  from  initially  9.6  in  untreated  to  17.1%  in 
NAC-treated  cells  (Fig.  2C)  with  a  1.3fold  overall  increase  of  the  mean 
fluorescence. 

Experiments  were  performed  to  confirm  that  the  effects  of  NAC  could  be 
extended  beyond  NF-kB  activation  to  include  p53.  SiHa  cells  express  the  HPV 
E6  protein,  which  mediates  degradation  of  p53  by  the  ubiquitin/26s  proteasome 
pathway.  Total  cellular  protein  extracts  from  SiHa  cervical  carcinoma  cells  were 
incubated  with  NAC  (0,  15,  30  and  60  mM)  for  20  hours  and  analyzed  by  western 
blotting  using  an  antibody  against  p53,  IkBo  and  poly-ubiquitin.  Incubation  with 
NAC  caused  an  increase  of  p53  and  kBa  protein  levels  and  accumulation  of 
poly-ubiqitinated  proteins  consistent  with  inhibition  of  the  ubiquitin/26s 
proteasome  pathway  (Fig  2D  and  2E). 


13 


Discussion 

Most  previous  studies  on  NAC  have  focused  on  its  anti-oxidative  effects.  It  was 
shown  to  prevent  activation  of  NF-kB  induced  by  TNF-a  and  ionizing  radiation  [8, 
30].  Both  treatments  are  known  to  induce  the  formation  of  ROI  and  generation  of 
these  radicals  could  be  prevented  by  NAC  treatment.  Together,  these  results 
have  been  taken  to  imply  a  role  for  ROI  in  NF-kB  activation  in  response  to  TNF-a 
or  radiation  [33].  However,  the  exact  mechanism  of  TNF-a-induced  ROI 
formation  is  still  not  clear,  nor  is  the  link  between  ROI  and  NF-kB  activation  [34, 
35]  or  the  cytotoxic  action  of  TNF-a.  Indeed,  a  direct  role  for  ROI  in  mediating 
TNF-a-related  cytotoxicity  was  recently  seriously  questioned  [9]. 

The  classical  pathway  for  activation  of  NF-kB  involves  kB-kinases  that 
phosphorylate  IkB  at  two  serine  sides,  which  leads  to  polyubiquitination  and 
subsequent  degradation  of  IkB  by  the  26s  proteasome.  It  is  this  degradation  that 
releases  the  NF-kB  dimer  from  its  inhibitor  IkB  and  allows  NF-kB  translocation 
into  the  nucleus  to  initiate  gene  transcription  [11].  NF-kB  dependent  genes  are 
thought  to  be  required  for  radiation-induced  inflammatory  responses  that  could 
play  roles  in  both  tumor  control  and  normal  tissue  damage  after  radiotherapy 
[36]. 

Inhibition  of  26s  proteasome  function  has  been  shown  to  prevent  TNF-a-induced 
activation  of  NF-kB  [37].  In  agreement  with  the  findings  of  Hallahan  and 
coworkers  [8],  we  have  recently  shown  that  radiation-induced  activation  of  NF-kB 
is  dependent  on  26s  proteasome  function  since  it  was  prevented  by  the  specific 
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proteasome  inhibitor  MG-1 32  [38],  although  an  alternate  pathway  of  radiation- 
and  hypoxia-induced  NF-kB  activation  has  been  described  [39,  40]. 

In  this  study  radiation-induced  NF-kB  activation  was  clearly  prevented  by  pre¬ 
treatment  of  RAW264.7  cells  with  NAC.  Furthermore  NAC  had  a  direct  effect  on 
proteasome  function  at  a  concentration  that  was  optimal  for  prevention  of  NF-kB 
activation  in  response  to  TNF-a  treatment  [7].  NAC  acted  as  an  inhibitor  of  26s 
chymotryptic,  as  well  as  L3-  and,  to  a  lesser  extent,  trypsin-like,  proteasome 
activity,  but  failed  to  decrease  20s  chymotryptic-like  activity.  Attempts  to  generate 
Lineweaver-Burk  diagrams  using  10,  20,  40  and  80pM  concentrations  of  the 
fluorogenic  substrate  failed  to  identify  a  classical  inhibition  type.  Together  these 
observations  give  rise  to  the  assumption  that  NAC  targets  one  or  more  subunits 
of  the  19s  regulatory  unit  rather  than  interfering  with  the  (l-subunits  of  the  20s 
core  unit  which  are  the  catalytic  sites  of  this  protease  complex.  Our  observation 
that  NAC  treatment  causes  accumulation  of  p53  in  human  cervical  cancer  cells 
confirmed  an  earlier  report  of  an  interference  of  NAC  with  this  pathway  [41]. 
Additionally,  NAC  treatment  led  to  accumulation  of  IxBa,  a  ubiquitin/GFP  fusion 
protein  that  is  rapidly  degraded  by  the  26s  proteasome  in  untreated  control  cells, 
and  poly-ubiquitinated  proteins  in  general.  This  supports  the  conclusion  that  NAC 
targets  the  proteasome  directly.  In  addition  to  providing  a  possible  mechanism  for 
the  inhibitory  effects  of  NAC  on  NF-kB  activation,  inhibition  of  proteasome 
function  easily  explains  the  G1 -arrest  observed  after  NAC-treatment  [10]  as  a 
functional  proteasome  is  required  for  G1/S  transition  [42]. 
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The  data  presented  in  this  study  suggest  that  cellular  responses  to  NAC 
treatment  result,  at  least  in  part,  from  26s  proteasome  inhibition,  although  our 
experimental  setting  did  not  allow  determination  of  the  contribution  of  radical 
scavenging,  as  opposed  to  proteasome  inhibition,  to  the  total  observed  effect. 
Some  previous  studies  have  questioned  the  role  of  ROI  scavenging  in  mediating 
the  effects  of  NAC.  For  example,  it  has  been  pointed  out  that  H2O2  is  not  rapidly 
scavenged  by  NAC  [43].  This  study  even  reported  that  H2O2  could  be  generated 
as  a  result  of  the  auto-oxidation  process  of  NAC  in  the  presence  of  O2.  Previous 
studies  have  shown  that  proteasome  function  can  be  inhibited  by  H2O2  [32,  44] 
treatment  and  ionizing  radiation  [38].  However,  the  major  site  of  these  inhibitory 
effects  appears  to  be  the  20s  core  unit  of  the  proteasome,  rather  than  the  19s 
regulatory  unit,  which  appears  to  be  the  site  of  action  of  NAC.  This  suggests  that 
the  proteasome  is  a  highly  redox-sensitive  structure  and  that  distinct  structures 
may  be  the  target  for  different  chemical  species. 

Steps  in  this  proteolytic  degradation  pathway,  other  than  those  mediated  by  the 
19s  regulatory  subunit,  might  also  be  affected  by  in  vivo  treatment  of  cells  with 
NAC,  or  other  scavengers.  For  example,  a  necessary  step  for  26s  proteasome 
dependent  proteolysis  is  the  tagging  of  proteins  with  ubiquitin,  a  76-residue 
polypeptide  involving  a  three-enzyme  cascade.  Ubiquitin  is  activated  when  its 
carboxy-terminal  glycine  is  transformed  into  a  high-energy  thiol-ester 
intermediate  by  the  ubiquitin-activating  enzyme  El.  The  ubiquitin-carrier  protein 
E2  transfers  ubiquitin  to  a  ubiquitin-protein  ligase,  E3,  that  catalyzes  the 
conjugation  of  the  activated  carboxy-terminal  ubiquitin  to  e-amino  groups  of  lysine 
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residues  of  the  targeted  protein  (reviewed  in  [16]).  Intracellular  reduced  GSH  is 
required  for  El  and  E2  enzymes  to  form  ubiquitin  thiol-esters  [45]  and  is  critical 
for  the  process  of  ubiquitination.  NAG  increases  the  level  of  GSH  in  cells  [46]  and 
this  could  affect  the  degradation  process.  Therefore,  both  stimulatory  and 
inhibitory  effects  of  NAG  on  degradation  rates  would  seem  possible.  Use  of  the 
Ub-GFP  construct  and  the  fluorogenic  assay  bypasses  any  stimulatory  effects, 
but  inhibition  must  predominate  if  the  end  result  is  NF-kB  inhibition  or  p53 
activation.  This  balance  may  not,  however,  be  the  same  under  all  conditions. 
Finally,  this  study  raises  a  cautionary  note  regarding  the  use  of  free  radical 
scavengers  to  implicate  ROI  in  signaling  events  following  exposure  of  cells  to 
ionizing  radiation  and  other  signals.  The  proteasomal  degradation  pathway 
should  be  considered  as  an  alternative  to  direct  free  radical  scavenging  as  a 
target  for  the  observed  effects. 
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Figure  legends 

Figure  1 

Gel  shift  experiments  using  15|jg  of  cytosolic  extracts  of  ECV  304  (A)  and 
RAW  264.7  (B)  murine  macrophages  and  a  labeled  double  stranded 
oligonucleotide  containing  a  consensus  binding  motif  for  NF-kB.  Unlabeled 
oligonucleotide  in  SOfold  molar  excess  was  used  as  a  negative  control  to 
demonstrate  the  specificity  of  the  binding  (lane  1  A,  B  and  C).  (A)  Pre-treatment 
of  ECV  304  cells  with  NAC  for  1  hour  decreased  radiation-induced  (30  Gy)  NF- 
kB  activation  1  hour  after  irradiation  in  a  dose-dependent  manner.  Lane  1: 
negative  control;  lane  2:  NAC  0  mM;  lane  3:  NAC  7.5  mM,  lane  4:  NAC  15  mM; 
lane  5:  30  mM.  (B)  Application  of  30  Gy  ionizing  radiation  caused  an  increase  in 
p50/p65  heterodimer  DNA-binding  activity  (lane  3)  when  compared  to  untreated 
controls  (lane  2).  This  increase  was  prevented  by  pre-incubation  with  NAC  in  a 
dose-dependent  manner  (lane  4:  7.5  mM;  lane  5:  15  mM;  lane  6:  30  mM).  In 
contrast  DNA-binding  activity  of  p50/p50  homodimers  remained  unchanged.  (C) 
Pre-treatment  of  ECV  304  cells  with  MG-132  for  3  hours  decreased  radiation 
induced  NF-kB  activity.  Lane  1:  negative  control;  lane  2:  control ;  lane  3:  30  Gy, 
lane  4:  30  Gy  MG-132  50  pM;  lane  5:  30  Gy  MG-132  25  pM. 


Figure  2 

(A)  Effect  of  NAC  on  chymotryptic  20s  (open  symbols)  and  26s  (filled  symbols) 
proteasome  activity.  Cleavage  rate  of  SucLLVY-MCA  (80pM)  was  assessed  with 
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a  fluorogenic  peptide  assay  (excitation  380nM,  emission  460  nm).  26s 
proteasome  activity  in  crude  extracts  of  ECV-304  cells  was  inhibited  by  N-acetyl- 
L-cysteine  in  a  dose-dependent  manner  ((means  from  4  measurements  ± 
standard  deviation)  0.5  mM  NAC  94.5  %  ±  5.6, 1  mM  NAC  90  %  ±  4.6,  2  mM:  85 
%+  6.2,  4  mM  78.6  %  ±  5.2,  7.5  mM  66.7  %  ±  2.3,  15  mM:  54.6  %  ±  2,  30  mM 
NAC:  43.9  %  +/- 1.3,  p<0.001  t-test).  In  contrast,  20s  was  not  only  unaffected  by 
NAC  treatment  but  seemed  to  be  slightly  increased  at  NAC  concentrations  of  4 
mM  and  higher. 

(B)  Proteasome  function  assay  using  the  fluorogenic  proteasome  substrates  Z- 
Leu-Leu-Leu-AMC  (L3-like)  and  Boc-Val-Leu-Lys-AMC  (trypsin-like).  L3-  and 
tryptic-cleavage  activity  of  the  26s  proteasome  were  inhibited  to  34.8  ±  0.5  %  and 
80.2  ±  5.1  %  (mean  ±  standard  deviation)  of  DMSO-treated  controls, 
respectively,  by  30mM  NAC. 

(C)  Flowcytometric  analysis  of  EVC  304  cells,  stable  transfected  with  an 
expression  plasmid  for  a  ubiquitin/GFP  fusion  protein.  NAC  treatment  (15mM)  for 
24  hours  increased  the  GFP-positive  population  of  cells  from  initially  9.6  to 
17.1%. 

(D)  and  (E)  Western  blot  analysis  of  SiHa  cervical  carcinoma  cells  treated  with  N- 
acetyl-L-cysteine  (0,  15  and  30  mM)  for  20h.  A  monoclonal  antibody  against  a- 
tubulin  was  used  to  demonstrate  equity  of  protein  loading.  Membrane  was 
stripped  and  re-probed  with  antibodies  against  p53,  kBa  and  poly-ubiquitinated 
proteins.  NAC  treatment  caused  accumulation  of  p53,  IkBoc  and  poly- 
ubiquitinated  proteins. 


Effect  of  NAC  on  Radiation-Induced  NF-kB  Activity 

ECV  304  cells  RAW  264.7  cells 
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Cells  were  pretreated  with  NAC  for  1  hour  before  irradiation 


Effect  of  NAC  on  tryptic-like  and  L3-like  Function 

(ECV304  cells) 
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Effect  of  NAC  on  Chymotryptic-like  Function  of  Proteasome 

(ECV304  cells) 
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Cellular  extracts  were  treated  with  NAC  and  proteasome  activity  measured  by  Sue  LLVY-MCA 
cleavage 


Transfected  ECV304  Cells 
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Effect  of  NAC  on  Gene  Expression 
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SiHa  cells  were  treated  with  NAC  for  20  hrs  and  western  blots 
performed 
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Introduction 

In  western  countries  prostate  carcinoma  is  the  most  common  form  of  cancer  and  the 
second  leading  cause  of  death  in  males  (i).  While  early  forms  of  prostate  cancer  respond 
well  to  surgery  or  radiotherapy,  patients  with  more  advanced  tumor  stages  will  relapse 
and  are  usually  not  treated  with  curative  intent.  A  significant  increase  in  disease-free 
survival  can  been  achieved  by  combination  of  surgery  or  radiotherapy  with  androgen- 
ablative  treatment.  Continuation  of  androgen-ablative  treatment  may  delay  recurrence  in 
those  that  fail,  but  it  is  not  curative  as  tumors  become  androgen-independent.  The  exact 
mechanisms  of  progression  to  an  independent  state  are  unclear.  However,  there  is 
evidence  (ref)  that  mutation  of  the  androgen  receptor  (AR)  gene  and  p53  mutations  can 
be  early  events  in  prostate  cancer  carcinogenesis.  Selection  of  this  preexisting  tumor  cell 
population,  as  opposed  to  adaptation  to  hormone  withdrawal,  may  therefore  be  possible. 
In  any  event,  loss  of  androgen  dependence  appears  to  be  associated  with  increased 
resistance  to  radiotherapy  and  chemotherapy,  more  aggressive  behavior,  and  poor 
prognosis  (Tso  et  al  2000).  In  order  to  solve  these  problems  there  is  an  ongoing  research 
effort  aimed  at  identifying  new  and  effective  forms  of  treatment  for  prostate  cancer  (i). 
Hyperthermia  is  the  oldest  documented  tumor  treatment  modality.  Numerous  in-vitro 
studies  have  shown  the  dose-  and  temperature-dependent  radiosensitizing  effect  on 
cancer  cells  (reviewed  in  (2)).  Although  clinical  studies  with  hyperthermia  have  yielded 
variable  results,  this  can  often  be  attributed  to  variations  in  the  heating  method,  poor 
standardization  of  patients,  and  other  uncontrolled  variables.  A  major  clinical  problem 
that  prevents  hyperthermia  from  entering  standard  treatment  regimens  is  the  lack  of  a 
reliable  method  for  real-time  thermo-dosimetry.  This  is  mainly  because  normal  and  tumor 
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vascularization  cause  a  highly  dynamic  efflux  of  heat,  making  thermo-dosimetry 
extremely  complex  and  at  present  impossible  to  predict  in  real  time.  In  spite  of  these 
problems,  some  studies  have  shown  encouraging  results.  For  example,  the  combination 
of  heat  and  irradiation  has  been  reported  to  increase  the  number  of  complete  responses  up 
to  6  fold  when  compared  to  radiation  alone  (5),  although  the  mechanism  by  which 
hyperthermia  operates  remains  unclear. 

A  tumor  entity  that  might  allow  comparatively  easy  clinical  application  of  hyperthermia 
is  earcinoma  of  the  prostate.  Because  of  its  limited  tumor  diameters  and  vascularization, 
relatively  superficial  tumor  location,  and  easy  transurethral,  transrectal,  or  transperianal 
accessibility,  prostate  cancer  has  become  a  major  target  of  hyperthermia,  although 
knowledge  about  clinical  outcome  and  side  effects  is  still  poor.  At  present  it  is  not 
possible  to  predict  which  patient  will  benefit  from  hyperthermia  and  pre-clinical  studies 
are  necessary  to  understand  the  molecular  mechanisms  that  might  determine  response. 

It  has  been  recently  reported  that  prostate  cancer  cells  in  general  show  elevated 
constitutive  DNA-binding  activity  of  the  transcription  factor  NF-kB.  NF-kB  has  been 
reported  to  be  a  negative  regulator  of  androgen  receptor  expression.  Also,  we  and  others 
have  demonstrated  that  inhibition  of  NF-kB  induces  apoptosis  in  prostate  cancer  cells  (4). 
NF-kB  is  a  hetero-  or  homodimer  of  the  subunits  p50,  p52,  p65/RelA,  c-Rel,  and  Rel-B. 
It  is  sequestered  preformed  in  the  cytosol  by  inhibitor  molecules  of  the  IkB  family  (iKBa, 
IkBP,  IkBy,  Bc1-3,  plOO,  and  pi 05).  Activation  of  this  pathway  is  normally  achieved  by 
phosphorylation  of  one  of  the  most  important  inhibitors,  iKBa,  at  two  serine-sites  (Ser-32 
and  Ser-36)  by  IkB  kinases.  This  marks  iKBa  for  polyubiquitination  and  subsequent 
degradation  by  the  26s  proteasome.  Degradation  of  iKBa  frees  NF-kB  for  translocation 
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to  the  nucleus  and  activation  of  its  target  genetic  programs  (reviewed  in  (5)).  The  26s 
proteasome  is  a  protease  of  2MDa  responsible  for  the  controlled  ATP-and  ubiquitin- 
dependent  degradation  of  all  short-lived  (6)  and  70-90%  of  all  long-lived  proteins  (6,  7), 
including  key  molecules  in  signal  transduction,  cell  cycle  control,  and  immune  responses 
(8).  We  hypothesized  that  hyperthermia  might  affect  26s  proteasome  activity,  with 
consequent  changes  in  NF-kB  signal  transduction  and  in  tumor  cell  survival, 
radiosensitivity,  and  androgen  dependency. 
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Material  &  Methods 

Cell  Culture 

Cultures  of  PC-3  (ECACC),  DU-145,  and  LnCaP  (DMSZ,  Braunschweig)  human 
prostate  carcinoma  cells  were  grown  in  75-cm  flasks  (Falcon)  at  37°  C  in  a  humidified 
atmosphere  at  5  %  C02/95%  air.  Dulbecco’s  modified  Eagle  and  RPMI  1640  medium 
(Cell  Concepts,  Freiburg)  (what  for  what  cell  line?)  were  used  supplemented  with  10% 
fetal  calf  serum  and  1%  penicillin/streptomycin  (Gibco  BRL). 

Heat-shock  treatment 

For  hyperthermia  treatment,  5xl0e6  cells  were  plated  into  Petri  dishes.  After  overnight 
incubation  at  37°C,  dishes  were  sealed  with  parafilm  and  placed  into  an  incubator 
preheated  to  44°C  for  1  hour  before  being  returned  to  37°C  for  the  indicated  times. 

Irradiation  and  Clonogenic  Assays 

Hyperthermia  treated  (1  hour  at  44°C)  and  control  cells  (1  hour  at  37°C  )  were 
trypsinized,  counted,  and  diluted  to  a  final  concentration  of  10®  cells/ml.  The  cell 
suspensions  were  immediately  irradiated  at  room  temperature  with  a  *^’Cs  laboratory 
irradiator  (IBL  637,  CIS  Bio  International)  at  a  dose  rate  of  77.5  cGy  /minute. 
Corresponding  controls  were  sham  irradiated.  Colony  forming  assays  were  performed 
immediately  after  irradiation  by  plating  an  appropriate  number  of  cells  into  culture 
dishes,  in  triplicate.  After  14  days,  cells  were  fixed  and  stained  with  1%  crystal  violet, 
and  the  number  of  colonies  containing  more  than  50  cells  were  counted.  The  surviving 
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fraction  was  normalized  to  the  surviving  fraction  of  the  corresponding  control,  and 
survival  curves  were  fitted  by  use  of  a  linear-quadratic  model. 

Cell  Extraction  and  Electrophoretic  Mobility  Shift  Assay  for  NF-kB 
For  preparation  of  total  cellular  extracts,  normal  and  treated  cells  were  dislodged 
mechanically,  washed  with  ice-cold  phosphate-buffered  saline  (PBS),  and  lysed  in 
TOTEX  buffer  (20  mM  HEPES  [pH  7.9],  0.35  mM  NaCl,  20%  glycerol,  1%  Nonidet  P- 
40,  0.5  mM  EDTA,  0.1  mM  EGTA,  0.5  mM  dithiothreitol  [DTT],  SOfiM 
phenylmethylsulfonyl  fluoride  [PMSF],  and  90  trypsin  inhibitor  units  [TIU’s]/ml 
aprotinin)  for  30  minutes  on  ice.  The  lysates  were  centrifuged  at  12,000  x  g  for  5 
minutes.  Protein  concentration  was  determined  with  the  BCA  protocol  (Pierce).  Fifteen 
micrograms  of  protein  from  the  resulting  supernatant  was  incubated  for  25  minutes  at 
room  temperature  with  2  ju.1  of  bovine  serum  albumin  (10  pg/pl),  2  fi\  of  dldC  (1  lig/pl), 
4/11  of  Ficoll  buffer  (20%  Ficoll  400,  100  mM  HEPES,  300  mM  KCl,  10  mM  DTT,  and 
0.1  mM  PMSF),  2  /il  of  buffer  D+  (20  mM  HEPES,  20%  glycerol,  100  mM  KCl,  0.5  mM 
EDTA,  0.25%  Nonidet  P-40,  2  mM  DTT,  and  0.1  mM  PMSF),  and  1  fil  of  [y-^^P]  ATP- 
labeled  oligonucleotide  (Promega,  NF-kB:  AGTTGAGGGGACTTTCCCAGG).  For  a 
negative  control,  unlabeled  oligonucleotide  was  added  to  50-fold  excess.  Gel  analysis 
was  carried  out  in  native  4%  polyacrylamide/0.5  fold  TBE  (Tris/Boric  acid/EDTA)  gels. 
Dried  gels  were  placed  on  a  phosphor  screen  for  24  hours  and  analyzed  on  a  phosphor 
imager  (Storm  860,  Molecular  Dynamics). 


Immunoblotting 
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Cells  were  lysed  in  RIPA  buffer  (50  mM  Tris-HCl  (pH  7.2),  150  mM  NaCl,  1  %  Nonidet 
P-40,  SDS,  10  mM  PMSF,  aprotinin,  sodium  vanadate).  Protein  concentrations  were 
determined  using  the  BCA  protocol  (Pierce)  with  BSA  (Sigma)  as  standard.  50  pg  of 
protein  were  electrophoresed  in  a  SDS  gel  (0.1%  SDS/10%  polyacrylamide)  and  blotted 
to  PVDF  membranes  at  4°  C.  After  blocking  with  Blotto-buffer  (Tris-buffered  saline, 
0.1%  Tween  20,  5%  skim  milk)  for  one  hour  at  room  temperature  the  membranes  were 
incubated  with  a  polyclonal  antibody  against  murine  IxBa  (0.5pg/ml,  Invitrogen)  or  a 
monoclonal  antibody  against  the  human  androgen  receptor  (Pharmingen,  2pg/ml)  for  one 
hour  at  room  temperature.  A  secondary  HRP-conjugated  goat-anti-mouse  antibody 
(Serotec,  1:10.000)  and  the  ECLplus  system  (Amersham)  were  used  for  visualization. 
Protein  levels  were  normalized  to  expression  of  a-tubulin  (Oncogene). 

Proteasome  function  assays 

Proteasome  function  was  measured  as  described  previously  (9),  with  some  minor 
modifications.  To  obtain  crude  cellular  extracts,  cells  were  washed  with  PBS,  then  with 
buffer  I  (50  mM  Tris,  pH  7.4,  2  mM  DTT,  5  mM  MgCb,  2  mM  ATP),  and  pelleted  by 
centrifugation  (lOOOg,  5  minutes,  4°  C).  Glass  beads  and  homogenization  buffer  (50  mM 
Tris,  pH  7.4,  1  mM  DTT,  5  mM  MgCb,  2  mM  ATP,  250  mM  sucrose)  were  added  and 
cells  were  vortexed  for  1  minute.  Beads  and  cell  debris  were  removed  by  centrifugation 
at  lOOOg  for  5  minutes  and  lO.OOOg  for  20  minutes  at  4°C.  Protein  concentration  was 
determined  by  the  Micro  BCA  protocol  (Pierce)  with  BSA  (Sigma)  as  standard.  To 
measure  26s  proteasome  activity,  20  pg  protein  of  crude  cellular  extracts  of  each  sample 
was  diluted  with  buffer  I  to  a  final  volume  of  200  pi.  For  assessment  of  20s  proteasome 
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activity,  20|ig  of  protein  was  diluted  to  a  final  volume  of  200pl  in  a  buffer  consisting  of 
50mM  Tris/HCl,  p7.9,  0.5mM  EDTA,  and  0.05%  SDS.  The  fluorogenic  proteasome 
substrate  SucLLVY-MCA  (chymotrypsin-like,  Sigma)  was  dissolved  in  DMSO  and 
added  in  a  final  concentration  of  80  pM  in  1%  DMSO.  Proteolytic  activity  was 
continuously  monitored  by  measuring  the  release  of  the  fluorescent  group  7-amido-4- 
methylcoumarin  (AMC)  in  a  fluorescence  plate  reader  (Spectra  Max  Gemini  XS, 
Molecular  Devices,  37°  C)  at  380/460  nm. 

Determination  of  Apoptosis 

In  addition  to  monitoring  apoptosis  using  morphological  criteria,  apoptotic  cells  were 
detected  with  an  'In  Situ  Cell  Death  Kit'  (Boeringer  Mannheim).  The  manufacturer’s 
protocol  was  followed  with  some  minor  modifications.  Briefly,  attached  and  detached 
cells  were  collected,  centrifuged,  fixed  in  ice-cold  75%  ethanol,  washed  with  PBS,  and 
pelleted  by  centrifugation  for  5  minutes  at  500  x  g.  Cells  were  permeabilized  by 
resuspension  in  a  solution  of  0.1  %  Triton  X-100  and  0.1%  sodium  citrate  and  incubation 
for  2  minutes  on  ice.  Cells  were  washed  twice  in  PBS,  resuspended  in  TUNEL  (terminal 
deoxynucleotidyltransferase-mediated  UTP  end  labeling)  reaction  mixture,  and  incubated 
for  60  minutes  at  37°C.  After  three  washes  with  PBS,  fluorescence  was  measured  at  518 
nm  in  a  flow  cytometer  (FACScan,  Becton  Dickinson)  and  analyzed  with  the  'CellQuest' 


software  (Becton  Dickinson). 
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Results 

Heat-shock  down-re gulates  NF-kB  DNA-binding  activity 

Hyperthermia  has  been  reported  to  cause  apoptosis  in  many  cell  lines  including  PC-3 
prostate  cancer  cells  {10).  This  observation  was  confirmed  in  our  present  study.  Twenty 
four  hours  after  1  hour  heat  treatment  at  44°  C,  PC-3  cells  showed  morphological  signs  of 
apoptosis  with  membrane  blebbing  and  chromatin  condensation  that  was  confirmed  by 
TUNEL  staining  (Fig.  1). 

Constitutive  activity  of  the  anti-apoptotic  transcription  factor  NF-kB  is  high  in  many 
prostate  cancer  cell  lines,  including  PC-3  cells,  and  inhibition  of  NF-kB  can  induce 
apoptosis  in  such  cells  (4).  We  therefore  hypothesized  that  the  pro-apoptotic  effect  of 
hyperthermia  on  PC3  cells  might  be  through  alterations  in  the  DNA-binding  activity  of 
this  transcription  factor.  EMSA  was  used  to  examine  NF-kB  activity  in  extracts  from 
celts  1.5  hours  after  completion  of  hyperthermia  treatment  (44“C  for  1  hour)  and/or 
irradiation  (20  Gy).  PC3,  DU-145,  and  LNCaP  cell  lines  were  used  to  allow  more  general 
conclusions  to  be  drawn  (Fig  2A,  B,  C).  Although  constitutive  baseline  levels  of  NF-kB 
activity  differed  between  the  cell  lines,  hyperthermia  almost  complete  inhibited 
constitutive  and  radiation -induced  NF-kB  activity  in  all  three  cell  lines.  Inhibition  was 
not  prevented  by  blocking  transcriptional  activity  with  cyclohexamide  (CHX,  25/tg/ml, 
for  30  minutes),  excluding  induction  of  an  endogenous  inhibitor  of  NF-kB  as  a 
mechanism,  although  pretreatment  of  cells  with  the  drug  did  elevate  baseline  and 
radiation-induced  NF-kB  activity  (Fig.  2A,  B,  C).  Western  blotting  of  protein  extracts 
from  the  same  cells  (AT  THE  SAME  TIME  POINT  ??)  revealed  stabilization  of  iKBa  by 
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hyperthermia  treatment  (Fig.  3D),  indicating  an  inhibitory  effect  of  heat  either  on  IkB- 
kinase  activity,  ubiquitination  of  IicBa,  or  proteasome  function. 

Heat- shock  impairs  26s  proteasome  function 

Specific  inhibitors  of  proteasome  function  have  been  shown  to  induce  apoptosis  in  human 
prostate  cancer  cells.  The  mechanism  remains  unclear,  but  it  has  been  reported  to  be 
independent  of  p53,  the  JNK  kinase  pathway,  bcl-2  {12),  Bcl-X(L),  Bax,  Bad,  Bak,  or 
cytochrome  c  {13).  Since  functional  26s  proteasome  activity  is  an  obligatory  precondition 
for  activation  of  the  NF-kB  signal  transduction  pathway,  we  hypothesized  that 
hyperthermia  might  affect  NF-kB  activation  by  alter  26s  proteasome  cleavage  activity. 
Using  a  fluorogenic  assay,  heat-shock  was  found  to  decrease  26s  proteasome  activity  to 
36.2  ±  3%  (PC-3),  33.4  ±  8.4%  (DU-145)  and  45  ±  3.4%  (LnCaP),  respectively  in  the  3 
prostate  cancer  cell  lines  (Fig.  4).  This  effect  was  also  observed  when  cells  were 
pretreated  with  cyclohexamide  (CHX,  25pg/ml  for  30  minutes,  data  not  shown).  The 
function  of  the  26s  proteasome  is  dependent  on  ubiquitin  and  ATP,  which  reflects  activity 
in  vivo,  but  proteolytic  activity  resides  in  the  20s  core  unit.  This  can  be  assessed  by 
addition  of  SDS  to  the  26s  complex.  To  determine  whether  the  thermo-sensitive 
component  of  the  26s  proteasome  is  in  the  19s  regulatory  units  or  in  the  20s  core  we 
repeated  the  experiments  in  the  absence  of  ATP  and  the  presence  of  SDS  (0.03%).  In  all 
3  cell  lines,  20s  activity  was  not  significantly  altered  by  hyperthermia  treatment  (data  not 
shown). 
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Heat-shock  down-re gulates  AR  protein  levels 

NF-kB  has  been  recently  reported  to  be  a  negative  regulator  of  androgen  receptor 
expression  {14,  15).  Since  heat-shock  down-regulated  NF-kB  in  all  three  cell  lines,  we 
tested  if  androgen  receptor  expression  was  increased  by  heat-shock.  Cells  were  incubated 
for  one  hour  at  44°  C  and  thereafter  at  37°  C  for  an  additional  90  minutes.  Total  cellular 
protein  was  separated  by  SDS-PAGE  and  blotted  to  PVDF  membranes.  Immunoblotting 
using  a  monoclonal  antibody  against  human  androgen  receptor  could  not  detect  any  AR 
expression  in  PC-3  and  DU-145  cells.  LnCaP  cells  in  contrary  showed  strong  expression 
of  the  human  androgen  receptor.  Heat-shock  treatment  for  one  hour  at  44°  C  did  not 
cause  any  accumulation  of  AR  protein  in  PC-3  and  DU- 145  cells,  even  up  to  24  hours 
(not  shown),  but  AR  expression  was  completely  abrogated  in  LnCaP  cells  90  minutes 
after  heat  treatment  (Fig.  5A).  The  extent  of  androgen  receptor  down-regulation  in  LnCaP 
cell  was  dependent  on  the  duration  of  heat-shock  treatment  (Fig.  5B)  and  did  not  recover 
within  24  hours  (data  not  shown).  The  observed  effect  was  not  prevented  by  inhibition  of 
transcriptional  activity,  inhibition  of  proteasome  function  or  of  calpain  I  &  II  (Fig.  5C). 
To  examine  the  involvement  of  proteases  other  than  the  proteasome  and  calpains  we 
incubated  LnCaP  cells  with  a  panel  of  protease  inhibitors  including  the  unspecific 
caspase  inhibitor  Z-VAD-FMK  (20]aM),  PMSF  (50/iiM),  pepstatin  (1.5jU,M),  antipain 
(lOOpiM)  and  aprotinin  (1.5/tM)  1  hour  before  and  during  heat-shock  treatment. 
However,  we  could  not  prevent  heat-induced  disappearance  of  AR  protein  (Fig.  5D). 
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Discussion 

Although  the  molecular  basis  of  hyperthermia  is  poorly  understood,  it  is  frequently  used 
alone  or  in  combination  with  radiotherapy  in  the  treatment  of  prostate  cancer  (16-19).  In 
this  study  we  investigated  the  effect  of  hyperthermia  on  proteasome  function,  NF-kB 
activity,  and  androgen  receptor  expression  in  human  prostate  cancer  cell  lines. 

We  recently  demonstrated  that  human  PCS  prostate  cancer  cells  exhibit  high  constitutive 
expression  of  the  anti-apoptotic  transcription  factor  NF-kB  (4).  Inhibition  of  NF-kB  by 
transduction  with  an  IkB  super-repressor  gene  induced  apoptosis  in  PC-3  cells  (4).  Here 
we  demonstrate  that  constitutive  activity  of  NF-kB  was  also  found  in  DU-145  and  LnCaP 
human  prostate  cancer  cells.  Treatment  of  all  three  cell  lines  with  heat-shock  down- 
regulated  constitutive  and  radiation-induced  activation  of  NF-kB.  Down-regulation  of 
NF-kB  after  hyperthermia  treatment  has  also  been  reported  by  other  groups  (20,21). 
While  Curry  and  coworkers  (21)  observed  an  inhibition  of  the  iKB-kinases,  we  found  that 
hyperthermia  inhibited  26s  proteasome  function,  providing  an  alternative  pathway  for 
heat-induced  NF-kB  inhibition  through  blocking  IkBa  degradation.  Impairment  of 
proteasome  function  by  heat  is  in  agreement  with  the  findings  of  Kuckelkom  and 
coworkers  (22).  Since  20s  proteasome  activity  remained  unchanged  after  heat-shock  our 
data  suggest  that  the  thermo-sensitive  component  of  the  proteasome  is  located  in  the  19s 
regulatory  unit  rather  than  in  the  20s  core  unit.  Down-regulation  of  NF-kB  DNA-binding 
activity  by  heat-induced  proteasome  inhibition  offers  a  molecular  mechanism  by  which 
hyperthermia  could  operate  in  cancer  cells  to  induce  apoptosis.  Proteasome  inhibition  is 
known  to  induce  apoptosis  in  most  cancer  cells  (12,13,23-27)  as  well  as  sensitize 
surviving  cells  to  ionizing  radiation  (24,28).  The  impact  of  NF-kB  on  the  intrinsic 
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radiosensitivity  of  cancer  cells  is  controversial  (4,28,29).  However,  decreased  proteasome 
function  following  heat  treatment  might  also  account  for  the  well-established 
radiosensitizing  effect  of  hyperthermia  (ref). 

Intriguingly,  we  also  found  that  heat  down-regulated  AR  expression  in  LNCaP  cells. 
Survival  of  most  tumor  cells  that  originate  from  the  prostate  depends  on  the  presence  of 
androgen.  Thus,  prostate  cancer  is  usually  controlled  by  androgen  ablation  for  many 
years.  The  appearance  of  tumor  cell  populations  lacking  androgen-dependence  following 
androgen  ablation  is  however  inevitable  and  responsible  for  failure  of  this  treatment.  The 
mechanisms  underlying  development  of  androgen  independence  are  unclear,  but  in  some 
cases  may  be  caused  by  down-regulation  of  AR  expression  or  mutation  of  the  AR  gene 
combined  with  p53  mutations,  which  are  thought  to  be  early  events  during  carcinogenesis 
occurring  in  a  small  subset  of  cancer  cells  (30-32).  The  expression  of  the  androgen 
receptor  is  a  tightly  regulated  process  than  involves  recruitment  of  several  transcription 
factors  (14,15,34).  Repression  of  androgen  receptor  gene  expression  occurs  by  binding  of 
NF-kB  to  the  promoter  region  of  the  AR  gene  (15).  Heat-induced  down-regulation  of  NF- 
kB  might  therefore  be  expected  to  result  in  increased  AR  protein  expression  in  AR 
negative  PC-3  cells,  which  are  known  to  have  minimal  expression  of  functional  androgen 
receptor  mRNA  and  protein  (35,36).  However,  we  could  not  detect  any  increase  in  AR 
protein  levels  in  PC-3  or  DU- 145  cells  over  a  period  of  24  hours  after  heat  treatment.  In 
contrast,  LnCaP  human  prostate  cancer  cells  that  have  wild  type  AR  mRNA  and  protein 
levels  (37)  immediately  down-regulated  expression  and  did  not  recover  over  a  period  of 
24  hours.  The  decrease  in  AR  protein  levels  could  not  be  prevented  by  inhibition  of 
calpain  I  &  II  or  inhibition  of  the  26s  proteasome,  underlining  the  independence  of  our 
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observation  from  these  proteolytic  pathways.  This  is  at  least  in  part  contrary  to  results  of 
an  earlier  study  reporting  ubiquitination  and  degradation  of  AR  by  the  proteasomal 
pathway,  which  could  be  inhibited  by  MG- 132  treatment  (38).  Hyperthermia  is  known  to 
activate  lysosomal  enzyme  activity  (39),  which  is  mainly  based  on  cathepsins  (40)  and 
hydrolysis  of  the  androgen  receptor  is  mediated  by  cathepsin  D  (41).  However, 
preincubation  of  LnCaP  cells  with  a  panel  of  protease  inhibitors  blocking  cysteine 
proteases  and  chymotrypsin  (PMSF,)  cathepsin  D  (pepstatin),  kallikrein,  plasmin  and 
trypsin  (aprotinin),  caspases  (Z-VAD-FMK)  and  cathepsin  A  (Antipain)  also  failed  to 
prevent  heat-induced  abrogation  of  AR  protein,  leaving  the  mechanism  of  heat-induced 
loss  of  androgen  receptor  elusive. 

If  the  loss  of  AR  in  LnCaP  cells  reflects  the  behavior  of  androgen  dependent  prostate 
cancer  cells  in  vivo,  our  study  raises  the  question  as  to  whether  poorly  performed  clinical 
hyperthermia  would  drive  the  rapid  acquisition  of  androgen  independency,  in  particular 
in  cells  that  have  mutations  affecting  apoptotic  pathways.  Further  studies  are  needed  to 
explore  the  clinical  significance  of  our  findings. 
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Figure  Legends 

Fig.l  Heat-induced  apoptosis  in  PC-3  prostate  cancer  cells 

Flow-cytometric  analysis  of  PC-3  prostate  cancer  cells.  Incubation  at  44°C  for  1  hour 
leads  to  TUNEL-positive  staining  cells  24  hours  after  heat-shock  (right  panel).  In 
contrast,  no  significant  increase  of  the  apoptotic  fraction  was  observed  after  treatment  at 
42°  C  for  1  hour  (left  panel). 

Fig.  2  Hyperthermia  treatment  sensitizes  DU- 145  prostate  cancer  cells  to  ionizing 
radiation 

Clonogenic  assay  with  DU- 145  cells.  Cells  were  irradiated  at  room  temperature,  plated 
into  culture  dishes  in  triplicate  and  subsequently  treated  with  37°C  and  44°C  for  1  hour. 
After  14  days  cells  were  fixed  with  ethanol  and  stained  with  crystal  violet.  Colonies 
consisting  of  more  than  50  cells  were  counted  and  normalized  against  the  corresponding 
un-irradiated  control.  Hyperthermia  treatment  decreased  the  plating  efficiency  of  DU-145 
cells  from  7.4%  to  5.7%  and  sensitized  DU-145  cells  for  ionizing  radiation  with  a  change 
in  a/p  from  2.4  to  1.03. 

Fig.  3  Hyperthermia  downregulates  constitutive  and  radiation-induced  NF-kB  activity 
Representative  gel-shift  experiments  with  cytosolic  protein  extracts  from  DU-145  (A), 
PC-3  (B)  and  LnCaP  (C)  human  prostate  cancer  cells.  Constitutive  NF-kB  DNA-binding 
activity  was  found  in  all  three  cell  lines  (lanes  2).  Irradiation  with  20  Gy  caused  an 
increase  of  NF-kB  DNA-binding  activity  after  90  minutes  (lanes  4).  Pre-incubation  of  the 
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cells  with  CHX  (25/ig/ml,  30  minutes  before  start  of  heat  treatment)  increased 
constitutive  and  radiation-induced  NF-kB  DNA-binding  activity  (lanes  6  and  8). 
Treatment  of  the  cells  with  hyperthermia  (1  hour  at  44°  C)  abrogated  constitutive  and 
radiation  induced  NF-kB  DNA-binding  activity  (lanes  3  and  5)  independent  of  protein 
de-novo  synthesis  (lanes  7  and  9).  Lanes  1:  Negative  control;  unlabeled  oligonucleotide 
was  added  in  50-fold  molar  excess  to  demonstrate  the  specificity  of  the  binding  reaction. 

Fig.  4  Hyperthermia  inhibits  26s  proteasome  function 

Representative  results  of  proteasome  function  assays  for  the  chymotryptic  cleavage 
activity  of  the  fully  functional  regulated  26s  proteasome.  Release  of  the  fluorescent  group 
7-amido-4-methylcoumarin  from  the  proteasome  substrate  SucLLVY-MCA  was 
continuously  monitored  in  a  fluorescence  plate  reader  for  30  minutes  (excitation/emission 
380/460  nm,  37°  C).  Heat  treatment  of  human  prostate  cancer  cell  lines  led  to  inhibition 
of  26s  proteasome  function  in  PC-3,  DU- 145  and  LnCaP  prostate  cancer  cells  90  minutes 
after  heat  treatment.  This  effect  was  independent  of  protein  de-novo  synthesis  and 
restricted  to  26s  proteasome  function,  while  the  activity  of  the  20s  core  unit  remained 
unchanged. 

Fig.  5  Hyperthermia  treatment  abrogates  expression  of  androgen  receptor  protein  in 
androgen-dependent  prostate  cancer  cells. 

(A)  Western  blot  analysis  of  total  cellular  lysates  from  androgen  receptor  negative 
PC-3  (lanes  1  and  2),  DU- 145  (lanes  2  and  4)  and  androgen  receptor  positive 
LnCaP  human  prostate  cancer  cells  (lane  5  and  6).  Equity  of  loading  was 
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confirmed  using  an  anti-a-tubulin  antibody  (60  kDa).  Heat  treatment  does  not 
induce  androgen  receptor  expression  (110  kDa)  in  PC-3  and  DU-145  cells.  In 
contrast,  LnCaP  cells  completely  loose  androgen  receptor  expression  after 
treatment  at  44°  C  for  1  hour. 

(B)  Western  blot  analysis  of  total  cellular  lysates  from  androgen  receptor  positive 
LnCaP  human  prostate  cancer  cells  incubated  0  (lane  1),  15  (lane  2),  30  (lane  3), 
45  (lane  4),  60  (lane  5),  75  (lane  6),  90  (lane  7)  and  120  minutes  (lane  8)  at 
44°  C.  Equity  of  loading  was  confirmed  using  an  anti-a-tubulin  antibody  (60 
kDa).  Heat  treatment  causes  a  time-at-44  degree -dependent  decrease  of  androgen 
receptor  expression  (110  kDa). 

(C)  Western  blot  analysis  of  total  cellular  lysates  from  androgen  receptor  positive 
LnCaP  human  prostate  cancer  cells.  Equity  of  loading  was  confirmed  using  an 
anti-a-tubulin  antibody  (60  kDa).  Constitutive  expression  of  androgen  receptor 
protein  (110  kDa,  lane  1)  was  completely  abrogated  by  hyperthermia  treatment 
(lane  2,  44°  C  for  1  hour).  This  effect  could  not  be  inhibted  by  preincubation 
with  cyclohexamide  (25/rg/ml  for  30  minutes,  lanes  3  and  4)  or  MG-132  (50/xM, 
30  minutes,  lanes  5  and  6)  excluding  gene  induction  in  general  as  well  as 
proteasomal  or  calpain-mediated  proteolysis  of  the  androgen  receptor  as  a 
possible  mechanism. 

(D)  Western  blot  analysis  of  total  cellular  lysates  from  androgen  receptor  positive 
LnCaP  human  prostate  cancer  cells.  Equity  of  loading  was  confirmed  using  an 
anti-a-tubulin  antibody  (60  kDa).  Cells  were  pretreated  with  PMSF  (lane  3), 
pepstatin  (lane  4),  aprotinin  (lane  5),  Z-VAD-FMK  (lane  6)  and  antipain  (lane  7) 
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for  one  hour.  Protease  inhibition  with  non  of  the  protease  inhibitor  used 
prevented  heat-induced  (lane  2)  abrogation  of  constitutive  androgen  receptor 
expression  (lane  1). 
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Abstract 

Pajonk,  F.  and  McBride,  W.H.  Inhibition  of  26s  proteasome  function  sensitizes  human 
cancer  cells  to  ionizing  irradiation  by  a  DNA-PK-independent  mechanism.  Radiat.  Res. 
The  26s  proteasome  plays  a  central  role  in  the  control  of  signal  transduction,  the  cell 
cycle,  cell  death,  and  the  immune  response.  Inhibition  of  its  function  leads  to  initiation  of 
apoptosis  in  many  cancer  cell  lines.  Caspase-3,  which  is  activated  during  apoptosis,  can 
cleave  DNA-PKcs,  which  is  involved  in  DNA-double  strand  repair.  This  pathway  could 
result  in  radiosensitization.  In  order  investigate  a  possible  impact  of  proteasome  function 
on  radiosensitivity,  the  human  prostate  cancer  cell  line  PC-3  was  treated  with  the 
proteasome  inhibitor  MG- 132  in  combination  with  ionizing  radiation.  Radiosensitivity 
was  assessed  with  a  clonogenic  assay.  Cell  cycle  distribution,  apoptosis,  caspase-3 
activity,  DNA-PKcs  protein  levels  and  DNA-PK  activity  were  monitored.  MG- 132 
induced  apoptosis  and  sensitized  PC -3  cells  to  ionizing  radiation.  Induction  of  apoptosis 
did  not  involve  an  early  recruitment  of  caspase-3  and  did  not  effect  DNA-PKcs  protein 
levels  or  DNA-PK  activity.  This  study  adds  an  additional  aspect  to  the  broad  spectrum  of 
26s  proteasome  function  and  introduces  proteasome  inhibitors  as  a  new  class  of 


radiosensitizers. 
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Introduction 

One  of  the  most  challenging  ongoing  efforts  in  radiotherapy  is  the  search  for  agents  that 
utilize  tumor  specific  characteristics  in  order  to  radiosensitize  tumor  cells  without  an 
increase  in  normal  tissue  complications.  The  mutations  that  are  associated  with  the 
malignant  phenotype  are  largely  in  molecules  that  control  cell  proliferation  and/or  cell 
death.  The  impact  of  these  pathways  on  the  response  to  radiotherapy  is  a  subject  of 
controversy.  Radiosensitive  tumors  often  have  high  proliferation  and  apoptotic  indices  (1, 
2).  Mutations  that  affect  the  functional  integrity  of  the  tumor  suppressor  gene  p53  have 
been  implicated  as  resulting  in  radioresistance  (3).  Also,  in  a  number,  but  not  all,  tumor 
diseases,  this  mutation  is  associated  with  shorter  disease  free  survival  after  chemotherapy 
and  radiation  therapy  (4,  5,  6,  7).  Modification  of  pathways  involved  in  cell  cycle  control 
and  apoptosis  may,  therefore,  alter  intrinsic  cellular  radiation  responses. 

The  26s  proteasome  is  a  large  protease  of  2MDa  responsible  for  the  controlled 
degradation  of  70-90%  of  all  cellular  proteins  (8)  including  cell  cycle  regulators  and 
transcription  factors  like  cyclin  A,  B  and  E,  p21  and  p27,  p53,  cJun,  cFos.  Additionally,  it 
controls  the  NF-kB  transduction  pathway  through  degradation  of  IkB  subsequent  to 
serine  phosphorylation  and  ubiquitination  (9,  10).  The  proteasome  therefore  controls 
many  of  the  cellular  responses  to  stress  signals,  such  as  hypoxia/reperfusion,  DNA 
damage,  cytokines,  hyperthermia,  and  oxidation  that  might  induce  cell  cycle  arrest,  DNA 
repair,  apoptosis,  or  prime  cells  for  survival. 

The  26s  proteasome  bears  5  different  cleavage  activity  (11)  and  its  function  is  highly 
regulated  (12, 13, 14, 15, 16).  Highly  specific  and  potent  inhibitors  of  the  26s  proteasome 
like  lactacystein  have  been  shown  to  induce  apoptosis  in  several  cell  lines  (17,  18,  19, 
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20).  In  this  study  we  used  the  proteasome  inhibitor  MG- 132  to  explore,  in  PC-3  prostate 
cancer  cells,  the  impact  of  26s  proteasome  function  on  the  response  to  ionizing  radiation 
and  possible  mechanisms  for  its  effect. 

Material  &  Methods 

Cell  culture 

Cultures  of  PC3  human  prostate  carcinoma  (ATCC)  and  HD-My-Z  Hodgkin  cells 

2 

(DSMZ,  Braunschweig)  were  grown  in  75  cm  flasks  (Falcon)  at  37°  C  in  a  humidified 
atmosphere  at  5  %  CO2,  The  medium  used  was  DMEM  medium  (Gibco  BRL) 
supplemented  with  10  %  FCS,  1  %  penicillin/streptomycin  (Gibco  BRL),  and  0.5  g/ml 
fungizone  (amphotericin  B,  GibcoBRL). 

MG- 132  treatment 

MG-132  (Calbiochem)  was  dissolved  in  DMSO  (lOmM)  and  small  aliquots  (30)al)  were 
stored  at  -20°  C.  3  hours  before  irradiation  growth  medium  was  replaced  by  medium 
containing  MG-132  (50/tM,  0.5%  DMSO).  Control  cells  were  subjected  to  DMSO 
treatment  alone  (0.5%).  Cells  were  incubated  at  37°C  for  3  hours,  washed  with  DMEM, 
trypsinized,  diluted  and  irradiated  at  room  temperature. 

Irradiation 

Exponentially  growing  PC3  and  HD-My-Z  cells  were  trypsinized,  counted,  and  diluted. 
The  cell  suspensions  were  immediately  irradiated  at  room  temperature  using  a  '^’Cs- 


5 


laboratory  irradiator  (JL  Shephard,  Mark  I)  at  a  dose  rate  of  5.80  Gy/min.  Corresponding 
controls  were  sham  irradiated. 

Clonogenic  survival 

Colony-forming  assays  with  PCS  cells  were  performed  immediately  after  irradiation  by 
plating  an  appropriate  number  of  cells  into  culture  dishes,  in  triplicate.  Viability  was 
assessed  by  a  dye  exclusion  test  with  trypan  blue.  After  14  days,  colonies  were  fixed, 
stained  with  crystal  violet,  and  were  counted  if  they  consisted  of  more  than  50  cells.  The 
fraction  of  cells  surviving  irradiation  was  normalized  to  the  surviving  fraction  of  the 
corresponding  control  and  survival  values  and  curves  were  fitted  to  the  data  using  a 
linear-quadratic  model.  Data  shown  resulted  from  a  minimum  of  three  independent 
experiments. 

Detection  of  DNA  fragmentation 

Total  DNA  was  extracted  using  the  DNAzol  reagent,  following  the  manufactor’s 
instructions.  DNA  was  solubilized  in  TE  buffer  and  treated  with  RNAse  (200/rg/ml)  for  2 
hours  at  37°  C.  Electrophoresis  was  performed  on  1.5%  agarose  gels  containing  1% 
ethidium  bromide. 

Cell  cycle  analysis 

For  analysis  of  cell  cycle  distribution  1x10^  cells  were  trypsinized,  washed  in  PBS  and 
fixed  with  ice  cold  ethanol  (70%).  After  RNAse  treatment  (Img/ml),  cells  were 
permeabilized  with  Triton  X-100  and  stained  with  propidium  iodide  (O.lmg/ml).  To 
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determine  the  cell  cycle  distribution,  DNA  content  was  measured  using  a  flow  cytometer 
(FACScan). 

DNA-PK  activity  assay 

In  order  to  assess  DNA-PK  activity,  DNA-PK-dependent  phosphorylation  of  a 
biotinylated  p53-derived  peptide  (Glu-Pro-Pro-Leu-Ser-Gln-Glu-Ala-Phe-Ala-Asp-Leu- 
Trp-Lys-Lys.  Promega)  was  measured  in  the  presence  of  [^^P-yJ-ATP.  Drug-treated  or 
control  cells  were  washed  in  low  salt  buffer  (lOmM  HEPES,  25mM  KCl,  lOmM  NaCl, 
l.lmM  MgCl2,  O.lmM  EDTA,  0.5mM  PMSF,  pH  7.2),  pelleted  and  lysed  by  one 
freezing/thawing  cycle  as  described  in  (21).  After  centrifugation  at  10,000g  for  5  minutes 
at  4°C,  the  supernatant  was  collected  and  used  as  cell  extract.  Protein  content  was 
determined  using  the  Micro-BCA  protocol  (Pierce)  with  bovine  serum  albumin  (Sigma) 
as  standard.  10/tg  protein  was  incubated  for  30  minutes  at  30°C  in  DNA-PK  reaction 
buffer  (250mM  HEPES  (KOH,  pH  7.5),  500mM  KCl,  50mM  MgCU,  ImM  EGTA, 
0.5mM  EDTA,  5mM  DTT),  0.025mM  ATP,  O.SjuCi  [^-P-yJ-ATP,  BSA  O.lmg/ml,  and 
with  human  p53  oligopeptide  as  substrate  in  the  presence  or  absence  of  activated  calf 
thymus  DNA.  The  final  volume  was  25/itl.  The  reaction  was  stopped  by  addition  of  25/xl 
30%  acetic  acid.  10/tl  was  spotted  on  Whatman  P81  membranes  in  duplicates  and  washed 
four  times  with  15  %  acetic  acid. 

Membranes  were  placed  on  a  phosphor  imager  screen  for  2  hours.  The  screen  was  read 
on  a  phosphor  imager  (Storm  860,  Molecular  Dynamics)  and  the  activity  measured  using 
the  ImageQuant  software  package  (Molecular  Dynamics).  Activity  in  the  absence  of 
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activated  DNA  was  assumed  to  be  unspecific  and  thus  subtracted  from  corresponding 
measurements  in  presence  of  activated  DNA. 

Caspase-3  activity  assay 

For  assessment  of  caspase-3  activity,  cells  were  plated  into  culture  dishes  24  hours  before 
drug  treatment.  After  drug  treatment,  cells  were  dislodged  mechanically  and  washed 
twice  in  PBS.  Caspase-3  activity  was  assessed  as  described  by  Enari  et  al.  (22)  with 
minor  modifications:  After  five  cycles  of  freezing  and  thawing  in  extraction  buffer  (50 
mM  PIPES-NaOH,  pH  7.0,  50mM  KCl,  5mM  EGTA,  2mM  MgCU,  ImM  DTT,  20  pM 
cytochalasin  B,  ImM  PMSF,  1/ig/ml  leupeptin,  1/tg/ml  pepstatin  A,  50  /tg/ml  antipain, 
10  jtig/ml  chymopain)  lysates  were  centrifuged  at  lO.OOOg  for  12  minutes  (4°  C).  The 
supernatant  was  immediately  frozen  in  liquid  nitrogen  and  stored  at  -80°  C.  Protein 
concentrations  were  determined  using  the  Micro-BCA  protocol  (Pierce)  with  bovine 
serum  albumin  (Sigma)  as  standard.  36  pg  protein  were  diluted  in  ICE  standard  buffer 
(lOOmM  HEPES-KOH,  pH  7.5,  10%  succrose,  0.1%  CHAPS,  lOmM  DTT,  0.1  mg/ml 
ovalbumin)  containing  the  fluorogenic  caspase-3  substrate  DEVD-7-amido-4- 
methylcoumarin  (DEVD-AMC,  IjxM)  and  incubated  for  30  minutes  at  30°  C. 
Fluorescence  was  measured  using  a  fluorescence  plate  reader  (Tecon,  excitation  380nm, 
emission  460nm). 

Immunoblotting 

Cells  were  washed  with  PBS  and  lysed  in  RIPA  buffer  (50  mM  Tris-HCl  (pH  7.2), 
150  mM  NaCl,  1  %  Nonidet  P-40,  SDS,  10  mM  PMSF,  aprotinin,  sodium  vanadate). 
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Protein  concentrations  were  determined  using  the  BCA  protocol  (Pierce)  with  bovine 
serum  albumin  as  standard.  100  /ig  of  protein  were  subjected  to  SDS  gel  electrophoresis 
(0.1%  SDS/7.5%  polyacrylamide)  and  blotted  to  PVDF  membranes.  After  blocking  with 
5%  skim  milk  in  PBS,  membranes  were  incubated  with  a  polyclonal  antibody  against 
human  DNA-PKcs  (Santa  Cruz  Biotechnologies).  A  secondary  HRP-conjugated  antibody 
and  the  ECL  Plus  System  (Amersham)  were  used  for  visualization.  Chemoluminescence 
was  measured  using  a  Storm  860  Phosphorimager  (Blue  fluorescence,  650V,  Molecular 
Dynamics). 

Statistics 

All  data  is  presented  as  mean  +/-  standard  error  mean  (SEM).  A  p-value  <0.05  in  a 
student  t-test  is  proposed  to  be  statistically  significant. 

Results 

Inhibition  of  26s  proteasome  function  prevents  radiation-induced  GfM  arrest 
Ionizing  radiation  normally  causes  cells  expressing  wild  type  p53  to  arrest  in  G1  phase 
through  induction  of  the  cyclin  inhibitor  p21.  In  cells  with  mutated  p53,  like  PC3  prostate 
cancer  cells,  the  situation  can  be  more  complex,  but  irradiation  classically  leads  to  G2/M 
arrest,  irrespective  of  p53  status  (reviewed  in  23).  The  26s  proteasome  controls  the 
protein  levels  of  p53,  pRB,  p27,  cyclin  A,  B,  and  E.  Thus,  proteasome 

function  is  required  for  the  transition  from  Gl-  to  S-phase  and  late  S-  to  G2/M-phase. 

PC3  cells  were  treated  with  MG- 132  (50  ^M)  for  3  hours  prior  to  irradiation  and  then  for 
a  further  24  hours.  Cells  were  stained  with  propidium  iodide  and  analyzed  on  a  flow 
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cytometer.  The  sub-Gl  population  increased  4-fold  from  initially  2.1  to  9.3  %,  indicating 
apoptosis.  Irradiation  alone  increased  this  population  only  slightly.  The  increase  was 
additive  with  that  induced  by  MG-132  (Fig.  lA/B).  Additionally,  we  observed  an 
increase  in  S  phase  cells,  with  up-to  three  peaks  visible,  in  all  cells  treated  with  MG-132. 
This  is  interpreted  as  indicating  that  progression  through  this  phase  may  be  affected  by 
proteasome  inhibition  and  that  PC-3  cells  probably  enter  apoptosis  from  G1  or  G2/M. 

MG-132  reduces  clonogenicity  of  cancer  cells  by  induction  of  apoptosis 
Since  the  effects  of  MG-132  are  reversible,  PC-3  and  HD-My-Z  cells  were  exposed  to 
50/liM  of  drug  for  3  hours,  washed,  trypsinized  and  subsequently  plated  into  culture 
dishes  to  observe  the  impact  on  clonogenicity.  Clonogenicity  decreased  by  a  highly 
significant  amount  in  PC3  (64.59  ±  5.1  %  to  35.4  ±  2.14,  p<0.001  student-t)  and  HD-My- 
Z  cells  (14.69  ±  0.9  to  8.93  ±  1.27  %,  p<  0.01,  student-t)  (Fig.  2A).  A  proportion  of  cells 
exhibited  morphological  criteria  of  apoptosis  24  hours  after  the  start  of  incubation.  To 
verify  apoptotic  death,  DNA  extracts  of  PC-3  cells  were  subjected  to  gel-electrophoresis. 
Treatment  of  PC-3  cells  with  50jliM  MG-132  for  3  hours,  followed  by  two  wash-steps 
and  incubation  at  37°  C  for  24  hours,  resulted  in  a  200bp  DNA-laddering,  typical  for 
apoptosis  (Fig.  2B). 

MG-132  sensitizes  cancer  cells  to  ionizing  irradiation 

In  order  to  examine  whether  inhibition  of  proteasome  function  alters  the  intrinsic 
radiosensitivity  of  cancer  cells,  PC-3  cells  were  exposed  to  50  /xM  of  MG-132.  After  3 
hours,  PC-3  cells  were  washed,  diluted,  irradiated  and  plated  into  culture  dishes.  As 
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previously  described  for  HD-My-Z  Hodgkin  cells  (24).  Inhibition  of  proteasome  function 
sensitized  PCS  cells  to  ionizing  radiation  (Fig.  2C). 

MG- 132  causes  degradation  ofDNA-PKcs 

Since  proteasome  inhibition  induces  apoptosis  that  is  mediated  by  caspase  activation,  we 
considered  the  possibility  that  the  observed  radiosensitization  was  the  result  of 
destruction  of  the  catalytic  subunit  of  the  DNA-PK  complex,  DNA-PKcs,  which  is 
required  for  repair  of  DNA  double  strand  breaks.  DNA-PKcs  is  a  known  substrate  of 
caspase-3  (25).  Permanent  presence  of  MG-132  (50^M)  in  the  growth  medium  of  PCS 
cells  led  to  the  appearance  of  the  specific  160kDa  degradation  product  of  DNA-PKcs  at 
24  hours,  which  is  the  time  that  cells  started  to  enter  apoptosis.  However,  we  could  not 
detect  the  specific  160kDa  fragment  earlier  or  any  significant  changes  in  the  levels  of  the 
intact  460kDa  protein  (Fig.  3A).  The  same  results  were  obtained  when  MG-132  was 
washed  out  after  3  hours  and  cells  lysates  were  studied  after  additional  24  hours  of 
incubation  (data  not  shown). 

When  DNA-PK  activity  was  measured  by  phosphorylation  of  a  p53  protein  fragment  in 
the  presence  of  DNA  double  strand  breaks,  we  found  DNA-PK  activity  unchanged  over  a 
period  of  5  hours  after  MG-132  treatment  (Fig  3B).  In  order  to  exclude  any  interaction  of 
of  MG-132  with  DNA-PK,  lysates  of  PC-3  cells  were  incubated  with  MG-132  and 
studied  for  p53-phosphorylation.  The  drug  did  not  decrease  DNA-PK  activity  (Fig.  3C). 
When  caspase  3  activity  was  measured  we  were  surprised  to  find  a  substantial  drop  in 
baseline  caspase-3-like  activity  as  early  as  15’  minutes  after  the  end  of  MG-132 
incubation.  Combination  of  30Gy  irradiation  with  MG-132  pre-treatment  also  failed  to 
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activate  caspase-3-like  activity.  Caspase-3-like  cleavage  activity  slowly  started  to 
recover  3  hours  after  the  end  of  MG-132  treatment  (Fig.  3D)  supporting  our  observation 
that  the  sensitizing  effect  of  MG-132  does  not  involve  of  caspase-3-mediated  DNA-PK 
inactivation  by  DNA-PKcs  cleavage. 

Discussion 

Specific  inhibitors  of  26s  proteasome  function  induce  apoptosis  in  a  variety  of  cell  lines 
(17,  20).  Since  the  26s  proteasome  is  responsible  for  the  degradation  of  pRB,  p53,  p21, 
p27,  IkB,  cFos,  cJun  and  many  other  proteins  essential  for  normal  cellular  function,  this 
is  perhaps  not  surprising.  One  of  the  most  obvious  effects  of  proteasome  inhibition  is  on 
cell  cycle  distribution.  In  this  report  we  confirm  data  presented  in  previous  studies 
showing  that  proteasome  inhibition  blocks  Gl-  to  S-phase  and  S-  to  G2/M-Phase 
transition  (26). 

Additionally,  our  study  shows  that  the  plating  efficiency  of  cells  treated  with  this 
inhibitor  for  a  short  period  of  time  is  decreased.  This  loss  of  clonogenicity  is  most  likely 
caused  by  apoptosis  as  cells  showed  morphological  patterns  of  apoptotic  cell  death,  an 
increase  of  the  pro-Gl  fraction  in  the  FACS  analysis,  and  typical  200bp  DNA-laddering. 
The  mechanism  that  initiates  apoptosis  following  proteasome  inhibition  remains  unclear. 
Recent  studies  excluded  any  involvement  of  p53,  the  JNK  kinase  pathway  or  bcl-2  (19) 
and  Bcl-X(L),  Bax,  Bad,  Bak,  or  cytochrome  c  (27),  which  in  part  contradicts  an  earlier 
report  (17).  The  apoptosis  observed  in  this  study  after  proteasome  inhibition  was 
independent  of  the  p53  status  as  it  was  detected  in  PC-3  cells  (p53  null)  and  HD-MyZ 
cells  (mutated  p53).  NF-kB  has  been  described  as  a  possible  survival  pathway  and 
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proteasome  inhibition  reduces  NF-kB  levels  through  increasing  IkB,  which  is  normally 
degraded  by  the  26s  proteasome  upon  serine  phosphorylation  and  subsequent 
ubiquitination.  However,  as  we  reported  previously,  NF-kB  activity  is  not  under  control 
of  iKBa  in  HD-MyZ  Hodgkin’s  cells  and  proteasome  inhibition  leads  to  accumulation  of 
iKBa  without  decreasing  NF-kB  activity  (28),  yet  results  in  apoptosis.  Wu  and  coworkers 
excluded  the  involvement  of  caspases  in  apoptosis  of  M07e  cells  following  proteasome 
inhibition,  as  caspase  inhibitors  failed  to  prevent  DNA  fragmentation  (18).  The  critical 
pathway  responsible  for  apoptosis  following  proteasome  inhibition  has  therefore  yet  to  be 
identified.  It  may  depend  on  the  cell  type  and  the  extent  of  inhibition.  Like  DNA-binding 
of  the  transcription  factor  NF-kB,  proteasome  function  can  promote  but  also  inhibit  cell 
death  (29).  For  example  thymocytes  are  rescued  from  apoptosis  by  proteasome  inhibitors 
which  indicate  an  active  involvement  of  this  protease  in  the  cell  death  program  (30).  On 
the  other  hand  proteasome  inhibitors  induce  apoptosis  in  certain  tumor  cell  lines  (31,  32, 
33,  27,  24,  35)  and  SV-40-transformed  but  not  in  normal  human  fibroblasts  (35), 
supporting  the  view  that  proteasome  function  is  essential  for  the  survival  of  tumor  cells. 
There  are  several  possible  explanations  for  the  controversial  impact  of  proteasome 
function  on  apoptosis  in  different  cell  types;  (i)  Cycling  cells  rely  on  controlled 
proteolysis  of  cyclins,  pRb.  p21  and  p27.  Accumulation  of  these  proteins  and  subsequent 
cell  cycle  airest  in  GI-  and  late  S-phase  might  allow  initiation  of  apoptosis  more  easily 
than  in  resting  cells,  (ii)  Pro-caspase-3  was  found  to  be  present  in  the  mitochondria  in 
some  cells.  Its  release  into  the  cytosol  was  hypothesized  to  depend  on  mitochondrial  PT 
pore  opening  mediated  rupture  of  the  mitochondrial  outer  membrane.  This  PT  pore 
opening  is  prevented  by  cyclosporin,  an  inhibitor  of  the  26s  proteasome,  indicating 
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another  possible  link  between  proteasomes  and  apoptosis,  (iii)  The  timing  of  proteasome 
inhibition  during  apoptosis  might  be  critical  as  in  thymocytes,  rescuded  from  apoptosis 
by  proteasome  inhibitors,  dexamethasone-induced  apoptosis  causes  loss  of  proteasome 
function. 

The  importance  of  apoptosis  in  cell  death  following  exposure  to  clinically  relevant  doses 
of  ionizing  radiation  is  controversial,  but  in  general,  the  majority  of  cells  in  solid 
carcinomas  do  not  enter  the  apoptotic  death  pathway.  Instead,  they  undergo  several  cell 
divisions  until  they  die  or  finally  survive.  Thus,  the  fate  of  cells  in  solid  carcinomas  after 
irradiation  is  rather  determined  by  their  ability  to  repair  DNA  damage  caused  by  ionizing 
radiation  than  initiation  of  apoptosis  (36).  While  single  strand  breaks  (SSB’s)  are  repaired 
relatively  easily,  the  process  of  double  strand  break  (DSB)  repair  is  more  complex  and 
requires  the  presence  and  activity  of  the  DNA-PK  protein  complex  (37). 
Repetitious . . . .Although  NF-kB  has  been  shown  to  have  anti-apoptotic  effects  (38.  39. 
401.  no  NF-kB  dependent  gene  has  been  identified  so  far  that  controls  DNA  repair  (For  a 
review  of  NF-kB  dependent  genes  see:  411.  In  a  previous  study  we  showed  that  down- 
regulation  of  NF-kB  activity  does  not  alter  radiosensitivity  in  PC3  orHD-MyZ  cells  (28). 
although  others  have  shown  that  it  can  have  this  effect  in  other  cell  lines.  (I  doif  t  know. 
In  this  conte.xt  I  tried  to  make  the  link  to  DNA-repair.l 

Proteasome  inhibition  sensitized  PC-3  prostate  cancer  cells  to  ionizing  radiation.  Drug- 
induced  changes  in  cell  cycle  redistribution  are  most  unlikely  to  be  responsible  for  this 
effect  because  MG- 132  treatment  mainly  increased  the  number  of  cells  in  late  S-phase, 
which  has  been  shown  to  coincide  with  greatest  radioresistance  (42).  As  described 
previously  for  Lactacystein  by  Wu  et  al.,  proteasome  inhibition  by  MG-132  can  cause 
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degradation  of  DNA-PKcs,  the  catalytic  subunit  of  DNA-PK  (18)  through  a  caspase  3 
dependent  pathway.  Reduction  of  DNA-PK  activity  following  inactivation  or  mutation  of 
DNA-PKcs  is  known  to  result  in  enhanced  radiosensitivity  based  on  decreased  repair  of 
DNA-DSB’s  (43,  44,  45),  although  it  is  not  clear  whether  this  is  a  rate-limiting  step  in 
DNA  repair  that  is  affected  by  alterations  in  the  level  of  DNA-PKcs.  The  level  of  DNA- 
PKcs  expression  has  been  reported  not  to  correlate  with  radiosensitivity  of  gliomas  (46). 
We  were  not  able  to  detect  meaningful  changes  in  DNA-PK  activity  following  MG  132 
drug  treatment  that  did  not  seem  to  be  a  result  of  the  apoptotic  process.  During  24hours 
of  MG- 132  treatment,  immunoblotting  with  a  specific  antibody  was  unable  to  detect 
changes  in  either  the  intact  460kDa  DNA-PKcs  protein  or  the  specific  160kDa  product  of 
caspase-3  cleavage.  Only  at  24  hours,  when  cells  showed  evidence  of  apoptotic  cell 
death,  was  a  specific  160kDa  degradation  fragment  found.  Additionally,  we  were  not  able 
to  detect  an  early  activation  of  caspase-3.  but  observed  o  substantial  drop  in  DEVD-AMC 
cleavage  activity. 

According  to  the  kinetics  of  the  DSB-repair  process  described  previously  (47)  any  event 
interfering  with  the  repair  of  DNA  DSB’s  has  to  take  place  during  the  initial  6  hours  after 
irradiation,  which  excludes  the  late  degradation  of  DNA-PKcs  observed  in  this  study  as  a 
possible  mechanism  of  radiosensitization. 

The  26s  proteasome  has  a  fundamental  role  in  cellular  functions  responsible  for  the 
control  of  protein  levels,  cell  proliferation,  immune  response  and  signal  transduction. 
Here  we  report  an  additional  functional  aspect  of  this  protease  in  the  response  of  human 
tumor  cells  to  ionizing  radiation,  as  we  were  able  to  link  the  control  of  its  activity  to 
DNA  damage  detection  and/or  repair.  Although  the  mechanisms  that  initiate  apoptotic 
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death  and  radiosensitization  remain  to  be  elucidated,  proteasome  inhibition  presents  as  a 

promising  tool  for  radiotherapy  as  it  does  not  seam  to  act  through  sensitizing  pathways 

utilized  already  or  depends  on  the  p53  status  of  tumor  cells. 
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Figure  legends 
Fig.  1 

(A/B)  MG-132  prevents  radiation  induced  G2/M-arrest  in  PC-3  prostate  cancer  cells 
lacking  p53  expression.  Cell  cycle  distribution  of  PC-3  prostate  cancer  cells  assessed  by 
flow  cytometry  after  staining  with  propidium  iodide.  Cells  were  pre-incubated  with  MG- 
132  (50/xM)  for  3  hours,  irradiated  and  incubated  for  additional  24  hours  in  the  presence 
of  MG-132.  Proteasome  inhibition  prevented  the  dose-dependent  radiation  induced 
G2/M-arrest,  increased  the  number  of  cells  in  late  S-phase  as  well  as  the  pro-Gl 
population. 

Fig.2 

(A)  MG-132  decreases  clonogenicity  of  human  tumor  cell  lines 

PC-3  prostate  cancer  and  HD-MyZ  Hodgkin’s  cells  were  incubated  with  MG-132 
(50/xM)  for  3  hours.  Cells  were  washed  twice  and  plated  into  culture  dishes.  After  14 
days  the  colonies  were  fixed  with  ethanol,  stained  with  cristall  violett  and  counted.  MG- 
132  treatment  decreased  the  plating  efficiency  in  all  three  cell  lines. 

(B)  Proteasome  inhibition  induced  induces  apoptosis  in  PC-3  prostate  cancer  cells 
PC-3  prostate  cancer  cells  were  incubated  with  MG-132  (SOjuM)  for  3  hours,  washed 
twice  and  incubated  for  additional  24  hours.  Electrophoretic  analysis  of  total  DNA 
extracts  (10/tg)  showed  a  200bp  laddering,  typical  for  apoptosis. 

(C)  MG-132  sensitizes  human  cancer  cell  lines  to  ionizing  radiation 

PC-3  prostate  cancer  cells  were  incubated  with  MG-132  (50^M)  for  3  hours,  washed 
twice,  irradiated  and  plated  into  culture  dishes.  After  14  days  the  colonies  were  fixed  with 
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ethanol,  stained  with  cristall  violett  and  counted.  MG-132  treatment  sensitized  PC -3  cells 
to  ionizing  radiation. 

Fig.  3 

(A)  Degradation  of  DNA-PKcs  by  caspase-3  is  a  late  event  in  proteasome  inhibition 
induced  apoptosis 

Western  blot  of  lysates  from  PC-3  prostate  cancer  cells  after  0, 3, 6, 9, 24  hours 
incubation  with  MG-132  (50jLtM)  using  a  specific  antibody  against  human  DNA-PKcs. 
The  Antibody  recognizes  the  intact  460kDa  protein  as  well  as  the  specific  160kDa 
fragment  observed  after  caspase-3  dependent  cleavage  of  DNA-PKcs.  MG-132  caused  no 
significant  change  of  the  DNA-PKcs  protein  levels  over  a  period  of  24  hours.  Detection 
of  a  caspase-3-cleavage  specific  160kDa  fragment  coincided  with  the  occurrence  of 
apoptosis. 

(B)  MG-132  does  not  decrease  DNA-PK  activity 

PC-3  cells  were  incubated  for  3  hours  with  MG-132  (50^M).  Cells  were  washed  and 
incubated  at  37°C.  At  indicated  times  cells  were  lysed  and  DNA-PK  activity  was 
measured  by  phosphorylation  of  a  human  p53  derived  oligopeptide  in  the  presence  of 
DNA  DSB’s.  Proteasome  inhibition  did  not  cause  any  significant  decrease  of  DNA-PK 
activity. 

(C)  MG-132  does  not  interfere  with  DNA-PKcs  directly 

Lysates  of  untreated  PC-3  cells  were  incubated  with  MG-132.  DNA-PK  activity  assay 
did  not  show  any  decrease  DNA-PK  activity  excluding  any  direct  interaction. 

(D)  MG-132  reduces  constitutive  caspase-3 -like  activity  in  PC-3  cells 
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PC-3  cells  pre-incubated  with  MG- 132  (50/xM)  for  3  hours,  washed  irradiated  and 
incubated  at  37°C.  15  minutes,  1  and  3  hours  later  cells  were  lysed  and  total  cellular 
protein  was  assayed  for  caspase-3-like  activity,  measuring  the  release  of  AMC  from  the 
fluorogenic  caspase-3  substrate  DEVD-AMC.  Proteasome  inhibition  completely  inhibited 
constitutive  caspase-3  activity  after  proteasome  inhibition  and  combination  with  30Gy 


ionizing  radiation. 


